i[|)A019362 


AFML-TR- 75-41 
Volvime  II 


RESEARCH  ON  DEEP  HARDENING  TITANIUM  ALLOY 
FOR  LARGE  AIRFRAME  STRUCTURAL  MEMBERS 


Colt  Industries/Crucible  Inc 
Crucible  Materials  Research  Center  _ flCP^ 


Rockwell  International  Science  Center 


JKH  16 


TECHNICAL  REPORT  AFML-TR- 75-41,  VOLUME  II 
September,  1975 

Final  Report  for  Period  May  1971  -  October  1974 


Approved  for  public  release;  distribution  unlimited. 


Prepared  for 

Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


NOTICE 


When  Government  drawings,  specifications,  or  other  data  are 
used  for  any  purpose  other  than  in  connection  with  a.  de¬ 
finitely  related  Government  procurement  operation,  the 
United  States  Government  thereby  incurs  no  responsibility 
nor  any  obligation  whatsoever;  and  the  fact  that  the  govern¬ 
ment  may  have  formulated,  furnished,  or  in  any  way  supplied 
the  said  drawings,  specifications,  or  other  data  is  not  to 
be  regarded  by  implication  or  otherwise  as  in  any  manner 
licensing  the  holder  or  any  other  person  or  corporation,  or 
conveying  any  rights  or  permission  to  manufacture,  use  or 
sell  any  patented  invention  that  may  in  any  way  be  related 
thereto . 


This  report  has  been  reviewed  by  the  Information  Office  (01) 
and  is  releasable  to  the  National  Technical  Information  Ser¬ 
vice  (NTIS) .  At  NTIS,  it  will  be  available  to  the  general 
public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved  for 
publication. 


5ames  A.  Hall 

Project  Engineer 

High  Strength  Metals  Group 


tor 


Miohael  A.  Greenfield 
Pifoject  Engineer 
Joining  Technology  Group 


ClSItljUitOi 


nmit  '  .Hen 
lull  xiCtiM  n  * 

a 


.iisiiin  MiO 


Roger  J.  Austin,  Major,  USAF 
Acting  Chief,  Processing  and  High 
Temperature  Materials  Branch 
Metals  and  Ceramics  Division 
Air  Force  Materials  Laboratory 


Copies  of  this  report  should  not  be  returned  unless  return 
is  required  by  security  considerations,  contractual  obligations, 
or  notice  on  a  specific  document. 


_ Unclassified _ 

security  PAGE  CWifn  Dml»  Bnitred) 


\  m Report  documentation  page 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

^  AFMI-TR-IS-Al^yOIMa^MBMK  | 

>*Wf«IPIENT'S  CATALOG  NUMBER 

6.  TITLE  111! .  '  "  - - - - - - - 

RESEARCH  ON  J^EEP  HARDENING  'JITANIUM /LLOY  FOR  /  , 

iArge  airframe  structural  members.  ■*'  y /  t 

'Final  ^ei^S^t^-  ^  May  W71— 

/r 

'it'  ^  ■—  *  /L. 

y tr^M "in JJ~  •  _ _ _ -/  1 

y‘/7322-2(/-l  - 

iF.^tproes^  Rj|’.^alon^ 


Chesnutt 


C.Jp^odes/><J 


etersen^ 

.  y.  L, 


F33615-71-C-1525, 


I.  performing  organization  name  and  address 
Colt  Industrles/Cruclble  Inc, 

Crucible  Materials  Research  Center 
Pittsburgh,  Pa.  15230 _ 

H.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

Air  Force  Materials  Laboratory 
Metals  and  Ceramics  Division  (AFML/LL)  AFSC 
Wrlght-Patterson  Air  Force  Base,  Ohio  45433 


10.  PROGRAH 
ARCAK^ 


rMHiT  rnairrT  task 

'  UNIT  NlUlBERS 


^351^ 


632  (2  volximes) 


4.  MONITORING  AGENCY  NAME  ft  AODRESSfH  dltUfnt  from  ControtUng  Otiicm)  115.  SECURITY  CLASS,  fa/ fhi*  f#porO 


16.  DISTRIBUTION  STATEMENf^o/ 

tro^^^jlHFh  transt^&al 

AP?C,  Wr&ypiPfter|^in^4 


This  U 


ilo  45433. 


Unclassified 

IS*.  DECLASSIFICATION/^  DOWNGRADING 
SCHEDULE 


con^jir 


?als  an^J^amlcs^’j^islon  (AFHTTll)  , 


17.  DISTRIBUTION  STATEMENT  (of  tho  mbatrmct  onfrod  in  Block  20,  If  different  from  Report) 


I  18.  SUPPLEMENTARY  NOTES 

This  work  was  carried  out  with  Colt  Industrles/Cruclble  Inc  as  the  primary 
performing  organization,  with  Rockwell  International  Service  Center  acting  as 
sub-contractor . 


19.  KEY  WORDS  (Continue  on  reveree  eide  If  neceeeery  end  identify  by  block  number) 

Titanium  Forging  alloy  Deep  hardening  alloy 

Airframe  structure  alloy  Fine  structure  analysis  Fundamental  mechanisms 

Fracture  toughness  Tensile  properties  Creep  properties 

Fatigue  properties 

T Ime -Tempera tur e -Trans formation  Character  1  s t Ic s 

20.  ABSTRACT  (Continue  on  reveree  elde  If  neceeeery  end  Identif)  by  block  number) 

This  Is  the  final  technical  report  of  a  contract  lo  develop  a  titanium  alloy 
capable  of  being  hardened  In  section  sizes  significantly  greater  than  currently 
available  while  retaining  adequate  toughness  and  tensile  ductility.  Work  was 
carried  out  In  three  successive  phases:  Phase  I  In  which  the  hardening 
potential  at  the  center  of  a  six  Inch  section  was  defined  for  sixty  alloy  com¬ 
positions;  Phase  II  In  which  the  detailed  evaluation  of  tensile  properties 
and  fracture  toughness  data  of  aged  samples  led  to  development  of  character¬ 
istic  alloy  trend  lines  for  the  ten  most  promising  alloys;  and  finally,  (cont. 


FORM 
I  JAN  73 


73  edition  OF  1  NOV  65  IS  OBSOLETE 

y/c  -  ^  >r'  ‘ 


_ Unclassified _ 

SECURITY  classification  OF  THIS  PAGE  (Whan  Dmim  Enfr 


security  classification  of  this  PAQgfHTmi  Dmtm  Bnitnd) 


Phase  III  in  which  three  alloys  -  alloy  334  ( 10Mo-6Cr-2 .5A1)  ,  227  (7Mo- 
4Cr-2.5Al)  and  253  (10Mo-8V-2.5Al)  -  were  scaled  up  as  500  lb.  ingots. 
After  a  study  of  various  thermomechanical  processes,  the  three  alloys 
were  converted  to  6-inch  diameter  billet,  duplex  solution  annealed  and 
aged,  and  full  mechanical  properties  evaluated.  Transverse  center  pro¬ 
perties  of  alloy  334  attained  contract  goals  while  equivalent  properties 
for  the  other  two  alloys  were  very  promising.  Generally  the  alloy 
represents  an  advance  in  state-of-the-art  deep  hardenable  titanium  alloys. 
They  show  little  edge  to  center  variation  in  properties,  in  contrast  to 
present  commercial  and  serai -commercial  alpha-beta  alloys  which  are 
characterized  by  large  edge  to  center  difference.  This  property 
differential  is  of  particular  concern  in  considering  fracture  toughness 
since  the  effective  fracture  toughness  in  a  heavy  section  is  only  as  high 
as  the  lowest  value  occurring  in  the  material. 

Throughout  the  program  close  attention  has  been  paid  not  only  to 
mechanical  properties  but  also  to  corresponding  structural  features. 

This  has  helped  greatly  in  heat  treatment  design,  especially  in  improving 
transverse  ductility.  A  regression  analysis  of  all  structures  studied 
showed  on  a  semi-quantitative  basis  that  a  lenticular  coarse  alpha 
morphology  results  in  relatively  high  toughness-low  ductility,  while  a 
globular  shape  is  associated  with  low  toughness -high  ductility.  Other 
analyses  and  techniques  developed  during  the  program  should  aid  not 
only  future  titanium  alloy  design,  but  also  investigation  of  deep 
hardenable  alloys  in  general. 
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Task  No.  735105-50.  The  work  was  administered  by  the 
Metals  and  Ceramics  Division,  Air  Force  Materials  Labora¬ 
tory,  Air  Force  Systems  Command,  Wright-Patterson  Air 
Force  Base,  with  J.  A.  Hall  and  Dr.  M.  A.  Greenfield 
(AFML/LLM)  as  project  engineers. 

This  report  covers  work  conducted  during  the  period  from 
May  1,  1971  to  October  15,  1974.  The  principal  program 
participants  were  R.  F.  Malone,  Technical  Director- 
Titanium;  Dr.  F.  H.  Froes,  Staff  Metallurgist,  and 
V.  C.  Petersen,  Staff  Metallurgist,  from  the  Crucible 
Materials  Research  Center,  and  C.  G.  Rhodes,  Senior  Staff 
Associate;  J.  C.  Chesnutt,  Technical  Staff,  and  Dr.  J.  C. 
Williams,  Group  Leader,  Physical  Metallurgy  Group  for  the 
Rockwell  International  Science  Center.  Others  cooperating 
in  the  project  were:  E.  J.  Dulis,  President;  Dr.  R.  C.  Buehl, 
Manager-Vacuum  Melt;  C.  F.  Yolton,  Staff  Metallurgist; 

J.  M.  Capenos,  Staff  Microscopist,  and  J.  J.  Hauser,  Staff 
Metallurgist,  from  the  Crucible  Materials  Research  Center. 

The  authors  are  particularly  indebted  to  Dr.  John  P.  Hirth, 
Professor  of  Metallurgy,  Ohio  State  University,  for  numerous 
valuable  discussions  and  suggestions  on  all  facets  of  the 
program.  The  authors  also  wish  to  acknowledge  the  technical 
services  of  R.  A.  Hohowski,  F.  R.  Shuss  and  E.  W.  Can^jbell 
at  the  Crucible  Materials  Research  Center,  and  R.  A.  Spurling, 
P.  Q.  Sauers  and  E.  H.  Wright  at  the  Rockwell  International 
Science  Center. 

This  technical  report,  comprised  of  two  volumes,  was  re¬ 
leased  for  publication  by  the  authors  in  December,  1974. 

This  is  Volume  II  of  the  report  containing  the  tables  and 
illustrations.  Volume  I  contains  the  text  and  appendices. 
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*  Additional  Phase  I  Alloys 
**  Control  (Conmercial)  Alloys. 


TABLE  II 


Alloying  Materials 

Used  In  Formulating  Phase  I  Alloy  Melts 


Principal 

Purity  Impurities 


Material 

Supplier 

(%) 

(%) 

Titanium  Sponge 

Phillips  Brothers 

99.5+ 

0.09 

0 

(Sodium  Reduced) 

0.02 

Fe 

0.01 

C 

Molybdenum  Granules 

General  Electric  Co. 

99.5+ 

0.05 

0 

Zirconium  Sponge 

Carborundum  Metals 

99.5+ 

0.11 

0 

(Reactor  Grade) 

Climax,  Inc. 

0.09 

Fe 

0.02 

C 

Tin 

National  Lead  Co. 

99.85 

(1/8”  dia.  X  1/8” 

long  pieces) 

Vanadixam 

Foote  Mineral  Co. 

99.6+ 

0.09 

0 

0.04 

C 

0.10 

Fe 

Chromium 

Union  Carbide  Corp. 

99.45 

0.04 

0 

(electrolytic) 

Mining  6e  Metals  Div. 

0.04 

C 

Manganese 

Union  Carbide  Corp. 

99.78 

0.20 

0 

(electrolytic) 

Mining  6e  Metals  Div. 

0.01 

Fe 

Columbium 

General  Electric  Co. 

99.9+ 

0.009 

Fe 

(electrolytic) 

0.008 

Ta 

Iron 

The  Glidden  Co. 

99.90 

0.04 

0 

(electrolytic) 

Metals  Div. 

Aluminum 

Kaiser  Aluminum  & 

99.997 

(Pig) 

Chemical  Corp. 

Silicon 

Union  Carbide  Corp. 

98.94 

0.55 

Fe 

Mining  &  Metals  Div. 

0.09 

A1 
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TABLE  III 


BETA  TRANSUS  AND  FINAL  ROLLING  TEMPERATURE 
FOR  PHASE  I  ALLOYS _ _ 


Alloy^ 

Button 

No. 


Composition 

% 

(T1  Balance] 


Beta 

Transus 


Final® 
Rolling 
Tender  ature 
(°F) 


266 

11MO-4A1 

1625 

1525 

264 

9MO-4A1 

1675 

1575 

220 

11MO-2.5A1 

1525 

1425 

225 

9MO-2.5A1 

1600 

1500 

234 

7MO-2.5A1 

1625 

1525 

250 

9MO-1A1 

1550 

1450 

256 

TMo-lAl 

1575 

1475 

215 

9Mo-7.5Sn 

1450 

1350 

239 

9Mo-3Sn 

1475 

1375 

228 

7Mo-3Sn 

1500 

1400 

261 

9Mo-I.5Al-3Sn 

1575 

1475 

217 

7Mo-1.5Al-3Sn 

1550 

1350 

223 

8Mo-4Zr-2.5Al 

1575 

1475 

248 

8Mo-2Zr-2.5Al 

1625 

1525 

230 

8Mo-4Zr-7.5Sn 

1400 

1300 

244 

8Mo-4Zr-3Sn 

1475 

1375 

214 

8Mo-4Zr-1.5Al-3Sn 

1525 

1425 

233 

6Mo-4Zr-1.5Al-3Sn 

1575 

1475 

226 

12V-2.5A1 

1450 

1350 

252 

lOV-2 . 5A1 

1450 

1350 

237 

12V-1A1 

1375 

1275 

222 

llV-3Zr-2.5Al 

1425 

1325 

260 

9V-3Zr-2.5Al 

1450 

1350 

254 

llV-3Zr-1.5Al-3Sn 

1400 

1300 

246 

5M0-5V-2.5A1 

1525 

1425 

218 

7MO-5V-2.5A1 

1500 

1400 

257 

5MO-5V-1A1 

1500 

1400 

229 

6Mo-3V-4Zr-2.5Al 

1525 

1425 

259 

7M0-3V-2.5A1 

1575 

1475 

231 

8M0-4V-1A1 

1425 

1325 

238 

6Mo-3V-4Zr-7.5Sn 

1350 

1250 

247 

5Mo-5V-1.5Al-3Sn 

1475 

1375 

219 

4Mo-5V-4Zr-1.5Al-3Sn 

1500 

1400 

^  Alloys 

were  arc  melted  In  random 

fashion 

to  eliminate 

systematic  changes  In  composition. 

® Tenqjerature  selected  for  final  hot  rolling  from  0.130” 
to  0.040”  thick. 
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TABLE  III  cont 


BETA  TRANSUS  AND  FINAL  ROLLING  TEMPERATURE 
_ FOR  PHASE  I  ALLOYS _ 


Alloy^ 

Button 

No. 

Conqjosltlon 

% 

(T1  Balance) 

Beta 

Transus 

Cf) 

Final® 

Rolling 

Tenqperature 

Cf) 

227 

7Mo-4Cr-2.5Al 

1500 

1400 

242 

5Mo-2Cr-2.5Al 

1575 

1475 

255 

7Mo-lMn-2.5Al 

1625 

1525 

236 

5Mo-2Mn-2.5Al 

1600 

1500 

249 

8Mo-3Cb-2.5Al 

1625 

1525 

216 

8Mo-8V-2Fe-3Al 

1375 

1275 

253 

10MO-8V-2.5A1 

1425 

1325 

232 

4Mo-8V-6Cr-2.5Al 

1325 

1225 

241 

12MO-6V-1A1 

1350 

1250 

235 

6Mo-4Zr-6Al-2Sn 

1725 

1625 

245 

6Mo-4Zr-4Al-2Sn 

1675 

1575 

221 

8Mo-4Zr-4Al-2Sn 

1625 

1525 

258 

llMo-LAl 

1500 

1400 

240 

^Mo-6V 

1350 

1250 

251 

9Mo-2.5Al-0,3Si 

1625 

1525 

243 

llMo-LAl-0.5Si 

1500 

1400 

331 

13MO-4A1 

1600 

1500 

332 

13MO-2.5A1 

1540 

1440 

326 

llMo-4Al-3Sn 

1615 

1515 

323 

8Mo-2Cr-7.5Sn 

1400 

1300 

324 

8Mo-2Cr-1.5Al-3Sn 

1500 

1400 

341 

llMo-2.5Al-0.5Si 

1575 

1475 

336 

10V-4Cr-2 . 5A1 

1360 

1260 

337 

4Mo-6V-4Cr-2.5Al 

1410 

1310 

333 

10Mo-4Cr-2.5Al 

1470 

1370 

334 

10Mo-6Cr-2.5Al 

1420 

1320 

335 

13Mo-4Cr-2.5Al 

1425 

1325 

338 

4Mo-4Cr-4Zr-6Al-2Sn 

1660 

1560 

339 

2Mo-4V-4Cr-4Zr-6Al-2Sn 

1600 

1500 

^  Alloys 

were  arc  melted  In  random 

fashion  to 

eliminate 

systematic  changes  In  composition. 

® Ten5)erature  selected  for  final  hot  rolling  from  0.130” 
to  0.040”  thick. 
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TABLE  VI 


Electron  Probe  Partition  Data  for  9Mo-2%Al 
Containing  30%  Primary  Alpha  Phase 


Ai 

wt.  ^ 

'/o  in  Beta  Phase 

13% 

1.5% 

Wt.  1 

'i  in  Alpha  Phase* 

<1% 

4.8% 

*  Based  on  mass  balance  equation  after 
estimation  of  fraction  of  alpha  phase 
(30%) . 
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CALCULATED  VALUES  FOR  NOSE  TEMPERATURE  AND  TIME 
FOR  THE  ADDITIONAL  PHASE  I  ALLOYS _ 

_  Calculated  Values* 
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TABLE  XIV 
PHASE  II 

MATERIALS  USED  IN  INGOT  FORMULATIONS 


Material 


Principal  Impurities.  % 
N  Fe 


Titanium  Sponge,  ICI 

99.5+ 

Molybdenxim  Granules 

99.5+ 

Zirconium  Sponge 
(Reactor  grade) 

99.5+ 

Tin,  1/8"  dla.  x  1/8" 

99.85 

Vanadlum/Alumlnum  Master 
(85-15) 

- 

Vanadium 

99.6+ 

Chromium 

(Electrolytic) 

99.45 

Aluminum 

99.997 

Silicon 

98.94 

TABLE  XV 


PROTECTIVE  COATING  DETAILS 


Forging 


Metlseel 

Temperature  Coating 

1500-1750F  RA-537 

1800-2300F  RA-538 


Thickness 
5-10  inches 
10-20  inches 


Hot  Rolling 


Temperature 
1200-1700F 
1500-2 lOOF 


Metlseel 

Coating 

RA-536 

RA-537 


Thickness 
2-4  inches 
5-10  inches 


Supplier:  Pemco  Products 

Glidden-Durkee  Division 
5601  Eastern  Avenue 
Baltimore,  Md. 
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TABLE  XXII 


AGED  DYNAMIC  MODULUS  MEASUREMENTS 
OF  SELECTED  ALLOYS _ 


Alloy 

Coi]:q>osltion 

(bal.Ti) 

Direction® 

Dynamic  Modulus 
(lb. in. ’2) 

227 

7Mo-4Cr-2 . 5A1 

L 

14.8  X  10® 

T 

15.2 

232 

4Mo-8V-6Cr-2.5Al 

L 

12.9 

T 

14.3 

240 

6MO-6V 

L 

15.1 

T 

16.5 

253 

10MO-8V-2 . 5A1 

L 

14.0 

T 

14.8 

261 

9Mo-1.5Al-3Sn 

L 

14.8 

T 

16.3 

266 

11MO-4A1 

L 

14.4 

T 

15.6 

®  L  -  longitudinal 
T  -  transverse 
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TABLE  XXIV 


Alloy 

No. 

EXPERIMENTALLY  DETERMINED 
DENSITIES  OF  PHASE  II  ALLOYS 

(lb. ins. "^) 
Calculated^ 

Composition 

Density 

Measured^ 

232 

4Mo-8V-6Cr-2.5Al 

0.172 

0.171 

266 

11M0-4A1 

0.170 

0.169 

261 

9Mo-1.5Al-3Sn 

0.174 

0.172 

227 

7Mo-4Cr-2.5Al 

0.171 

0.169 

253 

10MO-8V-2.5A1 

0.175 

0.173 

216 

8Mo-8V-2Fe-3Al 

0.174 

0.172 

^  Using  the  hydrostatic  weighing  technique  and  following 
ASTM  procedure  B311-58. 

®  Obtained  using  the  rule  of  mixtures  calculation. 
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TABLE  XXVII 


PREDICTED  DUCTILITY  AND  TOUGHNESS 
OF  PHASE  II  ALLOYS  AT 
CONTRACT  YIELD  STRENGTH  GOAL 


Contract® 


Alloy 

Conq)osltlon 

YS  Goal 

Corresi 

sending 

No. 

(bal.  Ti.) 

(ksi) 

RA(%)  ^ 

(ksi/in. ) 

Contract  Goals 

170^ 

18 

60 

334 

10Mo-6Cr-2 . 5A1 

171 

16 

64 

227 

7Mo-4Cr-2.5Al 

169 

14 

56 

232 

4Mo-8V-6Cr-2.5Al 

171 

17 

~52 

253 

10MO-8V-2.5A1 

171 

12 

~59 

337 

4Mo-6V-4Cr-2.5Al 

168 

19 

45 

261 

9Mo-1.5Al-3Sn 

172 

31 

c 

338 

4Mo-4Cr-4Zr-6Al-2Sn 

163 

15 

d 

339 

2Mo-4V-4Cr-4Zr-6Al-2Sn 

162 

c 

d 

266 

11MO-4A1 

169 

c 

d 

243 

llMo-Ul-0.5Si 

172 

c 

c 

^  At  a 

YS  to  density  ratio  of 

1.0  X  l(f 

inches . 

^  For  an  alloy  of  density  0.170  Ibs/in.® 


^  Value  not  defined  precisely  but  obviously  significantly 
below  goal. 

^  Value  not  defined  precisely,  not  considered  to  approach  goal. 
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ximate  values  have  been  estimated  from  data  in  Table  VI. 

Stringer  alpha  formed  due  to  hot  working. 

Coarse  alpha  formed  at  the  solution  treatment  temperature. 

Fine  alpha  formed  at  the  aging  ten^erature  by  decomposition  of  the  beta  matrix. 


TABLE  XXIX 


RELATIVE  RANKING 

OF  DUCTILITY  AND  FRACTURE  TOUGHNESS 
ALLOY  CHARACTERISTIC  TREND  LINES 


Alloy  Conqposltlon 
No.  (bal.  Ti) 


Relative*  , 

Ductility  Relative  Fracture" 

Ranking  Toughness  Ranking 


334 

10Mo-6Cr-2 . 5A1 

5 

227 

7Mo-4Cr-2.5Al 

4 

232 

4Mo-8V-6Cr-2 . 5A1 

3 

253 

10MO-8V-2.5A1 

7 

337 

4Mo-6V-4Cr-2.5Al 

2 

261 

9Mo-1.5Al-3Sn 

1 

338 

4Mo-4Cr-4Zr-6Al-2Sn 

6 

339 

2Mo-4V-4Cr-4Zr-6Al-2Sn 

8? 

266 

11MO-4A1 

9 

243 

llMo-lAl-0.5Si 

10 

1 

3 

4? 

2? 

6 

10? 

7? 

8? 

5? 

9? 


From  Figures  44  through  53. 

^  From  Figures  34  through  43. 

?  Best  guess,  characteristic  trend  line  net  defined 
precisely. 
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TABLE  XXX 


CHEMICAL  ANALYSIS  OF 
PHASE  III  ALLOY  ADDITIONS 


Addition 

Ti-Sponge,  RSPI-31923 
Mo  granules ,  Mo  #5 
Electrolytic  Cr,  Cr-25 
Al-Mo  master  (70:30)  MY  13 
Al-V  master  (85:15),  GY-141 


Oxveen 

Nitroeen 

Iron 

0.060* 

0.010* 

Nil 

0.219 

— 

0.20 

0.029 

— 

0.9 

0.108 

■B  BB 

0.74 

0.210 

.. 

0.40 

Analysis  made  on  50  gram  button  melt.  Analysis  for 
other  alloy  additions  made  on  50  gm  buttons  consisting 
of  107o  alloy  addition  to  Ti-sponge. 
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TABLE  XXXI 


CALCULATION  OF  ANTICIPATED  Fe  AND  Og 
CONTENTS*  OF  DEEP  HARDENABLE  PHASE  III 
_ 500  Ib.  INGOTS _ 


Alloy 

Conqposltlon 

Fe 

^2 

No. 

(bal.  Ti) 

(%) 

(%) 

334 

10Mo-6Cr-2.5Al 

0.13 

0.08 

227 

7Mo-4Cr-2.5Al 

0.10 

0.10 

253 

10MO-8V-2.5A1 

0.08 

0.11 

Based  on  analyses  reported  In  Table  XXX. 
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TABLE  XXXII 


CHEMICAL  ANALYSIS  OF  PHASE  III  ALLOYS 
AT  INGOT  STAGE _ 


Alloy 

Location 

Mo 

Cr 

A1 

334 

Goal 

10 

6 

2.5 

Top 

9.44 

6.03 

2.6 

Bottom 

9.44 

ND* 

3.5 

Collar 

7.58 

10.02 

3.1 

227 

Goal 

7 

4 

2.5 

Top 

6.85 

ND* 

2.6 

Bottom 

6.01 

ND* 

ND* 

Collar 

6.58 

5.53 

2.6 

253 

Goal 

10 

8 

2.5 

Top 

10.73 

7.9 

2.5 

Bottom 

9.02 

8.4 

2.5 

Collar 

9.45 

7.9 

4.3 

Not  determined. 


~0.100 

0.103 

0.106 

ND* 

-0.100 

0.123 

ND* 

ND* 

-0.100 

ND* 

ND* 

ND* 
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CHEMICAL  ANALYSIS  OF  PHASE  111  ALLOYS 
_ BUTT  END  10.5'*  RCS  STAGE _ 
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TABLE  XXXIV 


ALLOY  DENSITY* 


Density  (Ib/cubic  inch) 
Composition  _ Location _ 


Alloy 

(bal  Ti) 

Edee 

Center 

334 

10Mo-6Cr-2.5Al 

0.171 

0.171 

227 

7Mo-4Cr-2.5Al 

0.169 

0.169 

253 

10MO-8V-2 , 5A1 

0.171 

0.171 

One  quarter  (%)  inch  cube  sauries  in  all  beta  condition 
tested  using  ASTM  procedure  B3 11-58. 
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TABLE  XXXV 


BETA  RECRYSTALLIZATION  STUDY 


Lov 


1 

\ 


Conqposltlon 
(bal  Ti) 

Beta 

Transus 

(F) 

10Mo-6Cr-2.5Al 

1425 

7Mo-4Cr-2.5Al 

1525 

10MO-8V-2.5A1 

1425 

Anneal 


Temp. 

Time 

Percent 

iFl_ 

(hr) 

Recrvstalllzed 

1600 

4 

25 

1550 

4 

35-40 

1600 

4 

25-30 

Anneal  for  optimum  recrystalllzatlon.  Reduced  time- 
temperature  resulted  In  less  recrystalllzatlon; 
Increased  tlme-tenq>erature  caused  only  an  overall 
Increase  In  grain  size. 


TABLE  XXXVI 


FORGING  SCHEDULE  FOR  TMT  OPTIMIZATION 
TO  6  INCH  DIAMETER _ 


Alloy 

a  b 

Location  Sample 

Forging‘s 

Route 

Forge  ^ 
Temp . (F) 

Re-heat  . 
Temp.(F) 

Processing 

Code 

334 

C 

BR 

HTMT 

1550 

1475 

A 

C 

BR 

LTMT 

1450 

1400 

B 

C 

No  BR 

LIMT 

1450 

1400 

C 

E 

BR 

HTMT 

1500 

1425 

A 

E 

BR 

LTMT 

1400 

1350 

B 

E 

No  BR 

LIMT 

1400 

1350 

C 

253 

C 

BR 

HTMT 

1550 

1475 

A 

C 

BR 

LTMT 

1450 

1400 

B 

C 

No  BR 

LTMT 

1450 

1400 

C 

E 

BR 

HTMT 

1550 

1475 

A 

E 

BR 

LTMT 

1450 

1400 

B 

E 

No  BR 

LTMT 

1450 

1400 

C 

227 

C 

BR 

HIMT 

1650 

1575 

A 

C 

BR 

LTMT 

1550 

1500 

B 

C 

No  BR 

LTMT 

1550 

1500 

C 

E 

BR 

HTMT 

1650 

1575 

A 

E 

BR 

LTMT 

1550 

1500 

B 

E 

No  BR 

LTMT 

1550 

1500 

C 

^  C  - 

center ; 

E  -  edge, 

^  BR 

-  beta  recry stalllzed;  No  BR  - 

no  beta  recrystalllzatlon. 

#334; 

1600F  -  4 

hr  AC. 

#227; 

1550F  -  4 

hr  AC. 

#253 ; 

1600F  -  4 

hr  AC. 

^  HTMT  -  high  teiiq)erat:ure  thermomechanlcal  process. 
LTMT  -  low  teiiq}erature  thermomechanlcal  process. 


Related  to  beta  transus: 
y>334:  1425F 
#227;  152 5F 
#253;  1425F 
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TABLE  XXXVII 


SOLUTION  AND  AGING  TREATMENTS 
FOR  PIT  OPTIMIZATION  TO  6  INCH  DIAMETER 


Heat  Treatment 


Alloy 

Location® 

Processing^ 

Code 

Solution 
Ten;)  Time 

(F)  (hr) 

_ Age _ 

Tenq>  Time 
(F)  (hrl 

Processing  and 
Heat  Treatment 
Code® 

334 

C  £e  E 

A 

1350 

4 

950 

96 

Ala 

1350 

4 

900 

96 

Alb 

B 

1350 

4 

900 

96 

Bib 

1300 

4 

900 

96 

Bllb 

C 

1350 

4 

950 

96 

Cla 

1300 

4 

950 

96 

Clla 

253 

C  &  E 

A 

1325 

4 

950 

96 

Ala 

1325 

4 

900 

96 

Alb 

B 

1325 

4 

900 

96 

Bib 

1275 

4 

900 

96 

Bllb 

C 

1325 

4 

950 

96 

Cla 

1275 

4 

950 

96 

Clla 

227 

C  6c  E 

A 

1475 

2 

975 

8 

Ala 

1475 

4 

925 

8 

Alb 

B 

1475 

2 

925 

8 

Bib 

1425 

4 

925 

8 

Bllb 

C 

1475 

2 

975 

8 

Cla 

1425 

4 

975 

8 

Clla 

Center  and  edge  saiiq>les  to  receive  same  treatment. 

^  See  final  column  of  Table  XXXVI. 

^  First  letter  indicates  the  processing  route,  numeral  the  solution 
annealing  treatment  and  final  letter  the  aging  treatment. 


y 


TABLE  XXXVIII 


MECHANICAL  PROPERTIES  OF  ALLOY  334  (I0Mo-6Cr-2.5Al) 
AFTER  SIMULATED  PROCESSING  FROM  10.5"  RCS  to  6"  STAGE 


Mechanical  Properties 


Proc.'’ 

Location^  Sch. 

Heat  Treatment 
Solution‘s  Aae*^ 

Code® 

UTS 

(ksl) 

YS 

(ksl) 

El 

RA 

E 

(xlO^Dsl)  Break 

CO 

Approx.  Goal* 

186.0 

178.0 

10.0 

15.0 

55.0 

C  A 

1 

a 

1C 

178.6 

173.7 

11.0 

30.6 

16.5 

C 

106.5 

184.9 

179.8 

8.0 

33.2 

16.7 

C 

101.1 

I 

b 

2C 

192.4 

186.7 

8.0 

19.6 

15.9 

B 

80.4 

189.9 

186.1 

5.0 

26.6 

16.0 

C 

91.6 

B 

1 

b 

3C 

192.4 

186.1 

6.0 

16.8 

16.2 

C 

136.5 

192.9 

187.0 

8.0 

18.2 

16.7 

C 

73.9 

II 

b 

4C 

179.4 

176.8 

6.0 

20.2 

16.2 

C 

123.2 

181.9 

175.9 

10.0 

29.2 

16.2 

C 

114.2 

C 

I 

a 

5C 

185.4 

180.4 

7.0 

21.6 

16.1 

C 

118.5 

184.6 

180.1 

12.0 

23.8 

16.9 

A 

104.4 

II 

a 

6C 

180.9 

174.9 

10.0 

15.2 

17.1 

A 

112.0 

176.9 

171.9 

8.0 

27.2 

16.8 

C 

85.9 

E  A 

I 

a 

IE 

181.4 

175.9 

9.0 

28.6 

16.9 

C 

110.4 

183.4 

177.1 

9.0 

21.6 

16.6 

C 

128.1 

I 

b 

2E 

205.9 

198.4 

7.0 

15.2 

17.3 

A 

77.9 

200.9 

193.9 

8.0 

17.4 

17.1 

C 

80.2 

B 

I 

b 

3E 

190.9 

184.3 

7.0 

15.2 

16.7 

B 

77.9 

201.4 

194.8 

12.0 

12.4 

17.0 

C 

74.8 

II 

b 

4E 

192.2 

186.4 

7.0 

12.4 

17.3 

B 

85.1 

192.2 

187.0 

- 

- 

17.2 

OGM 

92.4 

C 

I 

a 

5E 

179.2 

174.3 

8.0 

27.8 

16.7 

B 

83.2 

178.4 

175.9 

5.0 

13.8 

17.3 

C 

• 

II 

a 

6E 

177.9 

173.7 

6.0 

18.2 

16.8 

C 

119.3 

183.3 

178.2 

7.0 

7.8 

17.0 

C 

131.3 

*  C  -  center,  E  -  edge  of  10.5"  RCS  billet. 

^  A  -  Beta  recrystalllzatlon  (BR)  +  high  temperature  thermomechanical  proce88''tHTMT) ; 
B  -  BR  +  low  temperature  TMT  (LTMT) ; 

C  -  No  BR  +  LTMT. 

BR:  4  hour  -  1600F  AC 
HTMT:  forge  from  1550F,  reheats  1475F. 

LTMT:  forge  from  1450F,  reheats  1400F. 

I  -  1350F  -  4  hours 
II  -  1300F  -  4  hours 

a  -  950F  -  96  hours 
b  -  900F  -  96  hours 

To  enable  direct  comparison  of  various  conditions. 

^  Slow  bend  of  precracked  Charpy  samples.  Calculated  using  K&  ■  W  x  E 

A  2<l-tr-) 

* 

To  reach  contract  goals  at  center  of  six  Inch  section. 
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TABLE  XXXIX 


MECHANICAL  PROPERTIES  OF  ALLOY  227  (7Mo-4Cr-2 . 5AI) 
AFTER  SIMULATED  PROCESSING  FRi»l  10.5"  RCS  TO  6”  STAGE 


Mechanical  Propertl'^s 


Proc. 

Heat  Treatment 

UTS 

YS 

El 

RA 

E 

Kq^ 

Location*  Sch.^ 

Solution'^ 

Age* 

Code* 

(ksl) 

(Itsl) 

Cxl0“) 

Break 

(ksl/ln 

Approx .  Goal* 

190.0 

184.0 

9.0 

14.0 

50.0 

C  A 

I 

a 

1C 

197.2 

190.1 

4.0 

14.8 

16.6 

C 

65.3 

198.6 

192.2 

6.0 

14.2 

15.9 

C 

84.5 

I 

b 

2C 

210.3 

200.0 

3.0 

15.0 

16.2 

A 

67.7 

201.5 

195.0 

3.0 

13.2 

16.1 

C 

60.6 

B 

I 

b 

3C 

210.4 

201.4 

2.0 

1.6 

16.9 

C 

57.1 

206.4 

198.7 

2.0 

3.2 

16.3 

OGM 

49.6 

II 

b 

4C 

197.0 

186.0 

5.0 

8.0 

16.8 

B 

86.6 

198.4 

188.8 

8.0 

20.2 

17.6 

B 

68.5 

C 

I 

a 

5C 

204.4 

195.4 

8.0 

14.6 

16.8 

A 

149.9 

202.0 

192.0 

8.0 

19.8 

17.2 

A 

80.0 

11 

a 

6C 

195.0 

186.3 

3.0 

8.8 

17.9 

C 

100.5 

191.9 

183.3 

9.0 

18.9 

16.9 

C 

108.8 

E  A 

I 

a 

IE 

206.4 

196.9 

4.0 

10.0 

16.9 

B 

82.1 

188.3 

180.1 

7.0 

24.3 

15.5 

B 

106.3 

I 

b 

2E 

211.5 

204.3 

3.0 

13.2 

17.4 

C 

63.4 

210.4 

202.0 

3.0 

10.0 

15.9 

C 

74.5 

B 

I 

b 

3E 

210.4 

203.8 

2.0 

4.8 

16.7 

OGM 

114.8 

205.5 

196.2 

6.0 

13.2 

17.9 

A 

64.9 

II 

b 

4E 

203.0 

190.5 

6.0 

14.0 

17.4 

B 

98.1 

206.4 

195.4 

6.0 

4.0 

17.4 

B 

103.4 

C 

I 

a 

5E 

206.4 

198.4 

• 

• 

17.0 

OGM 

123.8 

204.0 

198.0 

5.0 

10.2 

17.2 

C 

74.5 

II 

a 

6E 

187.4 

177.4 

10.0 

28.6 

17.4 

A 

110.5 

185.9 

178.9 

6.0 

22.4 

17.0 

C 

113.0 

C  -  center,  E  -  edge  of  10.5"  RCS  billet. 

**  A  -  beta  recrystalllzatlon  (BR)  +  high  temperature  thermomechanlcal  process  (HTMT) ; 
B  -  BR  +  low  temperature  TMT  (LTMT) ; 

C  -  no  BR  +  LTMT. 

BR:  4  hour  -  1550F  AC 
HTMT:  forge  from  1650F,  reheats  1575F. 

LTMT:  forge  from  1550F,  reheats  I500F. 

^  I  -  1475F  -  2  hours 
II  “  142 5F  -  4  hours 

a  -  975F  -  8  hours 
b  -  925F  -  8  hours 

g 

To  enable  direct  comparison  of  various  conditions. 

^  Slow  bend  of  precracked  Charpy  samples.  Calculated  using  ~  W  x  E 

^  A  2(ir^) 


^  To  reach  contract  goals  at  center  of  six  inch  section. 


TABLE  XL 


MECHANICAL  PROPERTIES  OF  ALLOY  253  (I0Mo-8V-2 .  SAl) 
AFTER  SIMULATED  PROCESSING  FROM  10.5"  RCS  TO  6"  STAGE 


Mechanical  Properties 


Proc.“ 

Location^  Sch. 

Heat  Treatment 
S^olutlon*^  Age® 

Code® 

UTS 

(ksl) 

YS 

(ksl) 

El 

(%) 

RA 

(7.) 

E 

(xlCfpsl)  Break 

KQf 

(ksl/in.) 

Approx.  Goal* 

180.0 

174.0 

10.0 

16.0 

55.0 

C  A 

I 

a 

1C 

167.3 

165.3 

9.0 

18.0 

15.5 

C 

93.5 

164.8 

162.3 

- 

- 

15.9 

OGM 

104.4 

I 

b 

2C 

189.9 

184.0 

4.0 

7.8 

16.4 

C 

76.2 

188.7 

184.3 

4.0 

13.0 

16.2 

C 

77.7 

B 

1 

b 

3C 

189.9 

183.1 

2.0 

5.6 

16.8 

C 

92.7 

191.1 

185.3 

8.0 

20.0 

17.2 

C 

88.8 

II 

b 

4C 

176.6 

169.9 

7.0 

17.9 

16.6 

B 

106.6 

180.0 

173.7 

6.0 

16.2 

16.4 

A 

117.4 

C 

I 

a 

5C 

167.8 

163.8 

11.0 

43.1 

15.9 

B 

93.7 

165.3 

162.0 

10.0 

28.3 

15,9 

B 

83.4 

II 

a 

6C 

163.3 

157.2 

9.0 

36.5 

16.9 

C 

97.6 

168.8 

166.8 

10.0 

30.7 

16.3 

C 

117.0 

E  A 

I 

a 

IE 

177.4 

171.9 

4.0 

5.6 

17.2 

B 

89.0 

168.3 

166.8 

5.0 

18.8 

16.2 

C 

92.4 

I 

b 

2E 

176.4 

171.9 

6.0 

21.6 

15.7 

A 

75.7 

185.4 

180.4 

6.0 

7.0 

16.8 

A 

94.3 

B 

I 

b 

3E 

181.7 

177.7 

6.0 

26.5 

16.8 

B 

84.9 

195.4 

183.7 

2.0 

4.8 

19.1 

C 

118.1 

II 

b 

4E 

183.9 

178.6 

8.0 

16.8 

18.6 

C 

93.4 

180.4 

174.4 

11.0 

33.9 

16.7 

B 

99.7 

C 

I 

a 

5E 

177.9 

173.2 

8.0 

15.0 

17.3 

B 

80.6 

176.2 

171.7 

6.0 

18.1 

18.4 

C 

70.2 

II 

a 

6E 

153.8 

151.2 

8.0 

32.5 

16.0 

C 

110.1 

166.0 

- 

- 

- 

OOl 

96.0 

®  C  -  center,  E  -  edge  of  10.5"  RCS  billet. 

^  A  -  Beta  recrystalllzatlon  (BR)  +  high  temperature  thermomechanical  process  (HTMT) ; 
B  -  BR  +  low  temperature  TMT  (LUtT) ; 

C  -  No  BR  +  LTMT. 

BR:  4  hour  -  1600F  AC 
HTMT:  forge  from  1550F,  reheats  1475F 
LIMT:  forge  from  1450F,  reheats  1400F 

I  -  132  5F  -  4  hours 
II  -  1275F  -  4  hours 

a  -  950F  -  96  hours 
b  -  900F  -  96  hours 


^  To  enable  direct  comparison  of  various  conditions. 

Slow  bend  of  precracked  Charpy  samples.  Calculated  using 
To  reach  contract  goals  at  center  of  six  Inch  section. 


W  X  E 
A  2(1 
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Calculated  from  UTS  value  (Second  Interim,  page  43) . 

UTS  after  this  treatment  was  179  ksi  (Fifth  Interim,  page  32) 


»  MEX:HAN1CAL  properties  of  alloy  334  (10Mo-6Cr-2.5Al) 
ER  SIMULATED  PROCESSING  FROM  10.5”  RCS  TO  6"  STAGE 
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To  reach  contract  goals  at  center  of  six  Inch  section. 


<0 


S|s| 


o 

o  in  <>i  <n 

9*  o  n*  m 

m  9i  pH  m 

0^  ^  pH  A 

CM  A  9 

A  f'o  A  A 

d 

c*4  in  m  sb 

9  O  9t  A 

i>*  n*  A 

A  9  O  O 
A  A  A 
pH 

A  A  9  pH 

A  CM  O  A 

00  2  X 

A  91  O 

A  9N  H 

A  r%  A 

:32aS 

u  u  u  u 

c 

c 

OGM 

A 

c 

c 

OGM 

C 

OGM 

C 

C 

C 

<  <  pa  < 

<  <  <  o 

rs.  vX  A  91 

9  n*  ^  A 

o  m  ov  A 

A  A  pH  A 

A  9  CM 

ON  A  A 

m  m  A  A 

lA  A  m  m 

A  m  A  in 

9  A  A  A 

A  ^4  A  A 
pH  pH  pH  pH 

^  p*4  ^ 

^  p<  pH  pH 

pH  pH  ^  ^ 

pC  pH  pH  ^ 

pH  pH  pH  pH 

o 

«9  X  C4 

m  9  A 

CM  9  A 

O  A  O 

m  pH  m  pH 

A  A  9  9 

d 

pH  m  91 

•AM  CM 

9  CM  A 

A  9  9v 

9  m  o  ON 

A  A  A  CM 

^  #H  0| 

pH  CM  •  pH 

pH  CM  1  CM 

t  pH  CM  CM 

pH  m  pH 

A  N  CM  CM 

o 

o  o  o  o 

O  O  O 

o  o  o 

O  O  O 

o  o  o  o 

O  O  O  O 

ON 

A  m  A  <9 

A  A  1 

1  •»*) 

1  m  A  A 

A  ^  m  A 

O  O  O  A 
pH  pH  H 

o 

^  *9  <f  9- 

A  9  O 

<!  J  .  O'  9 

9  O  0\  9N 

9N  A  pH  CM 

A  A  H  A 

A  9N  n*  fO 

O  A  n>  A 

9\  A  A  rs. 

A  9  O 

A  A  A  A 

A  A  A  A 

A  pH  1^4  A 

A  A  H  O 

A  A  r^  A 

A  A  r>* 

A  hpi  A  A 

r'4  A  A 

pH  pH  pH  ^ 

^  H  H  pH 

^  pH  ^  ^ 

^  ^  ^  A 

pH  ^  H  ^ 

pH  pH  H  H 

o 

^  ^  ^  Ol 

9  9V  CM  9V 

•»  «»  -a-  -S’ 

9  A  9^  9 

9  9N  CM 

9  A  pH  9 

d 

9^ 

p  m  m  M 

O  91  A  91 

A  fH  pH  9 
9i  91  91  A 

9  9  A  9^ 
^  ^  9t  A 

9  o  rs.  m 

9t  A  A  A 

A  A  9  O 

A  n.  ON  9N 

A  9  A  IM 

A  A  A  A 

CH  pH  H  pH 

pH  ^  pH  pH 

pH  pH  ^  pH 

»H  pH  pH  pH 

pH  pH  iH  pH 

^  pH  pH  W 

7C 

7E 

a  s 

A  A 

36 

06 

IOC 

lOE 

lie 

llE 

12C 

12E 

A 

A 

A 

A 

A 

A 

S 

m 

lA 

A 

A 

O 

<M 

CM 

CM 

CM 

A 

o 

o 

9v 

On 

O 

O 

pH 

pH 

pH 

iJ 

0  c 

1  ^ 

CM 

9 

U 
:)  « 
pH  « 

H'-H 

A 

A 

O 

0  U 

pH 

n* 

O 

A  H 

9 

9 

9 

H  1 

pH 

pH 

U  U  U  U 


X  X 

M  -f 

t  S'" 


O  C  H 
^  0 
^  # 

%4  U  U 

“  32 

•  «»4  « 

JP  «H  M 

f  . 

.  tifg 

^  u  P 

M  U  ^  mi 

-  S  8  ♦ 

u  u 

2  « -f  3 

3  238 

I  III 

U  <  A  U 

•  X 


2Ss 

fai  m  Q 
O  A  ^ 
irt  4A 
lO  iH 

;* 
Q  A  V 
jB  U  A 
o  y 
’^**4  o 


i  o  i 

ti  -: 

!  i  & 

4.  ii  t; 

u  iM  4 

8  “•  a 

^ 's  g 

J5  -g  X 

®  g  “ 

£  M  ^ 


I 


TABLE  XLV 


SUMMARY  OF  TMT  OPTIMIZATION  STUDY,* 
10.5  INCH  RCS  TO  6  INCH  DIAMETER  ROUND 


Optimum  TMT _ 

RA  Ko  Overall 


Allov 

Code 

Code 

Code® 

Treatment 

334 

Alb 

Allb 

Allb 

BR  +  Hi  Proc.  + 

Lo  ST  +  Lo  Age 

227 

CIb 

Cl- 

CIb 

No  BR  +  Lo  Proc.  + 
Hi  ST  +  Lo  Age 

253 

Cllb 

Bib 

Bllb 

BR  +  Lo  Proc.  + 

Lo  ST  +  Lo  Age 


*  See  Tables  XXXVI  -  XL  and  XLII  -  XLIV  and  Figures 
77  -  82,  where  details  of  treatments  and  coding 
are  given. 

^  Note  that  only  in  the  case  of  alloy  253  is  the 
overall  optimum  treatment  actually  shown  in  the 
figure,  Bllb  (yM  Figures  81  and  82). 


TABLE  XLVI 


OPTIMUM  TMT  TO  CONVERT  BLOOMS  FROM 
10.5  INCH  RCS  TO  6  INCH  ROUND  BILLETS 


Alloy  334(10Mo-6Cr-2.5Al) 

1.  Beta  recrystallize  4  hr.  at  1600F. 

2.  Upset  forge  from  1550F  and  draw  out  to  6V'  bar, 
reheats  at  1475F. 

3.  With  a  subsequent  1300F  -  4  hr.  solution  treatment 
and  900F  -  96  hour  age  anticipated  longitudinal  edge 
properties : 

180  ksl  (YS)  25%  (RA)  110  ksl/ln.  (KqLT  or  LS) 


Alloy  227(7Mo-4Cr-2.5Al) 

1.  No  beta  recrystalllzatlon. 

2.  Upset  forge  from  1550F  and  draw  out  to  6^"  bar, 
reheats  at  1500F. 

3.  With  a  subsequent  1475F  -  2  hr.  solution  treatment 
and  1025F  -  8  hr.  age,  anticipated  longitudinal  edge 
properties : 

185  ksl  (YS)  18%  (RA)  90  ksl/ln.  (Kq  LT  or  LS) 


Alloy  253(10Mo-8V-2.5Al) 

1.  Beta  recrystalllzatlon  4  hr.  at  1600F. 

2.  Upset  forge  from  1450F  and  draw  out  to  6V'  bar,  reheats 
at  1400F. 

3.  With  a  subsequent  1275F  -  4  hr.  solution  treatment  and 
900F  -  96  hr.  age,  anticipated  longitudinal  edge 
properties : 

174  ksl  (YS)  21%  (RA)  103  ksl/ln.  (Kq  LT  or  LS) 
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TABLE  XLVIII 

MECHANICAL  PROPERTIES  OF  ALLOY  227  (7Mo-4Cr-2 . 5A1) 
AT  6"  STAGE.  SAMPLES  FROM  BUTT  END  SLICES 
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MECHANICAL  PROPERTIES  OF  ALLOY  253  (10Mo-8V-2 . 5A1) 
AT  6"  STAGE.  SAMPLES  FROM  BUTT  END  SLICES 
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Used  xor  structural  analysis. 
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MECHANICAL  PROPERTIES  OF  ALLOY  227  (7Mo-4Cr-2 . 5A1) 
_ AT  10.5*'  STAGE.  SAMPLES  FROM  BUTT  END 
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Used  for  structural  analysis 


TABLE  LII 


RECRYSTALLIZATION  KINETICS  STUDY  OF  ALLOYS 


334(lQMo-6Cr-2. 

AT  6 

.5A1)  AND  227(7Mo- 
INCH  BILLET  STAGE 

4Cr-2.5Al) 

PT 

Teti5)eratureS 

Annealing  Times^ 

Alloy 

ilEl 

(“F) 

Mins.  Hours 

334 

1425 

1525 

5  0.5,  5 

1400 

0.5,  5 

227 

1525 

1575 

5  0.5,  5 

1500 

0.5,  5 

^  Followed  by  a  water  quench. 
^  ^  tenperature. 
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Used  for  structural  analysis 


MECHANICAL  PROPERTIES  OF  ALLOY  227  (7Mo-4Cr-2.5Al) 
GIVEN  AN  ISOTHERMAL  TREATMENT  PRIOR  TO  AGING. 
_ SAMPLES  AT  6"  STAGE  BUTT  END  SLICE 


0) 

M 

pq 


U  U  U 


O  O 

o 

rH  8>S 

«  • 

« 

H  ^ 

H  CM 

1 

O 

on  00 

•H 

«  • 

•  • 

M  m 

o  00 

lO  CM 

l>« 

a\  a\ 

vO  00 

1—4  rM 

rM  r-l 

o 

M  ‘rl 

•  • 

.  • 

H  M 
S3  M 

00 

a\  o 

00  00 

H  CM 

1—1  1—4 

60 


1 


!! 


Vi  M 


VO 


CO 

u 

•H 

U 

u 

0) 


cd 

o 

•H 

3 

u 

«1 


bt 

< 


c 

§ 

u 

(d 


it 

voen 

rHin 

1  *  * 

•  • 

1 

r^cn 

^Od 

1  COM 

mvo 

•  cn 

1  ^  < 

c 

sS 

<si 

• 

VO 

• 

€0 

ON 

P3 

1  1  H 

1  1 

X 

(d 

0) 

Ij 

OOPP 

-CO-d! 

M 

PQ 

•H 

(0 

a 

r^oom 

moN 

•  •  • 

•  •  • 

locnm 

rH 

r-ii-lr-C 

i-Hf-HrH 

X 

w 

COOO 

<M  votn 

/-N 

•  •  • 

•  •  • 

r^f>-<n 

n 

vOvOrH 

ooo 

OOO 

x-\ 

•  «  • 

•  •  • 

Hf4 

^<SCv| 

CH  ^ 

W'-' 

rH 

OvOi-l 

m 

•H 

•  •  • 

•  •  • 

V)  u 

OmM 

r^cn  m 

>H  ,2 

r>*rvrN. 

VO  r^vo 

'w' 

1— 4  iH 

rH  rH  rH 

/•x 

cnoo  m 

mONON 

W  tI 

•  •  « 

•  •  « 

OO't 

Oinoo 

P  •M 

hsoof^ 

r^fN^vo 

r 

rH  rH  H 

rH  rH  H 

O) 

0 

h 

H  r4 

T 

L 

•H 

Q 

VO 

VO 

o> 

o> 

H'-/| 

• 

O 

in 

o 

m 

0)  w| 

cv 

ON 

H  1 

o 

o 

1 

rH 

^  W 

|H  ! 


%r 


\ 

S' 


i*p| 

0)  w| 

m 


Ki 

Q)wl 

IH 


O 

o 


o 

m 

cn 


00 


o 

m 


m 

«M 

m 


vt 


m 

<n 


00 


o 

m 

^4 


63 


I 

-4 

N 


»i< 


ST 


» 

9 

« 

t) 


>. 

a 

I 

u 

T3 

•  U 

V  CD 
CO  Ki 
h  O 
U  V 


CO 

> 

M 

*fH 

t 

CO 

a 

CO 

C 

U 

cd 

•0 

rH 

C 

h 

c 

(d 

s 

§ 

C7* 

iJ 

1 

0) 

» 

rH 

h 

H 

0 

(0 

0) 

H 

U 

mt 

(0 

ij 

cd 

cd 

d 

1-1 

i 

M 

d 

ij 

>> 

4H 

(0 

Xt 

4J 

•0 

•ca 

iH 

U 

41 

4J 

0 

a> 

d 

Cd 

4H 

> 

0 

rH 

o 

rH 

9 

*0 

•-I 

U 

0 

rH 

1 

rH 

CO 

0 

Cd 

O 

t« 

U 

Cd 

X 

CJ 

§ 

iH 

§ 


Questionable 


TABLE  LIX 


65 


Used  for  structural  analysis 
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Followed  by  a  water  quench. 

L  -  longitudinal;  T  -  transverse. 
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TABLE  LXIV 


HEAT  TREATMENT  OF  SIX  INCH  BILLET 


Heat  Treatment 


Anneal 

High^  Low^  Age^ 


Alloy 

Conposltlon 
(bal.  Ti) 

Temp. 

Time 

(hr) 

Temp. 

(F) 

Time 

Ihrl 

Tenp. 

ill. 

Time 

(hr) 

334 

10Mo-6Cr-2 . 5A1 

1350 

4 

1225 

2 

900 

96 

227 

7Mo-4Cr-2.5Al 

1450 

2 

1350 

8 

925 

8 

253 

10MO-8V-2.5A1 

1350 

4 

1225 

2 

900 

96 

^  Followed  by  WQ. 
^  Followed  by  AC. 
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TABLE  LXV 


ANTICIPATED*  AND  GOAL  TRANSVERSE  PROPERTIES 


Alloy 

AT  CENTER 

OF  SIX  INCH 

DIAMETER 

BILLET 

(ksL/'in) 

UTS 

(ksi) 

YS 

(ksi) 

El 

(%) 

RA 

(%) 

334 

Anticipated: 

165-170 

160-165 

5-8 

12-18 

62-68 

Goal: 

182 

171 

12 

18 

60 

227 

Anticipated: 

165-170 

162-167 

7-10 

20-24 

62-68 

Goal 

186 

169 

12 

18 

60 

253 

Anticipated: 

165-170 

160-165 

5-8 

12-18 

62-68 

Goal: 

188 

171 

12 

18 

60 

Using  the  duplex  anneal  -  aging  sequence  defined  in 
Table  LXIV. 
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TABLE  LXVI 

ROOM  TEMPERATURE  TENSILE  PRECRACKED  CHARPY  TCHJGHNESS  AND  FRACTURE  TOJGHNESS  PROPERTIES 
_ OF  SIX  INCH  BILLET  OF  ALLOY  #334  (10Mo-6Cr-2.5Al) 
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Longitudinal  For  nomenclature  used  see  Appendix  F. 
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TABLE  LXIX 


ROOM  AND  ELEVATED  TEMPERATURE  TENSILE  PROPERTIES 
Alloy  334a0Mo-6Cr-2.5Al).  Six  IncU  BUlet 


Billeta 

UTS 

YS 

El 

RA 

E 

Temnerature  Location 

Direction®  (ksi) 

1^1 

iSL. 

(xlO^osi) 

74F  E 

L 

157.9 

153.9 

36.0 

49.5 

16.0 

158.4 

154.8 

34.0 

56.5 

16.7 

T 

158.9 

151.5 

10.0 

22.3 

15.4 

155.2 

148.8 

20.0 

24.3 

15.6 

M 

L 

150.9 

150.6 

32.0 

45.3 

15.9 

148.9 

144.9 

34.0 

54.3 

16.5 

T 

157.7 

149.4 

25.0 

29.6 

15.5 

159.0 

150.0 

25.0 

29.9 

15.9 

C 

L 

149.9 

149.4 

36.0 

52.7 

16.2 

147.3 

145.2 

34.0 

46.1 

15.3 

T 

154.9 

147.9 

28.0 

35.2 

15.6 

154.4 

152.1 

30.0 

34.8 

15.7 

157.2 

152.4 

26.0 

29.6 

15.8 

400F  E 

L 

• 

- 

_ 

m 

. 

T 

134.7 

125.3 

8.0 

27.1 

15.5 

M 

L 

127.3 

120.2 

18.0 

59.7 

15.6 

T 

133.3 

124.4 

15.0 

47.6 

15.3 

C 

L 

129.7 

120.7 

20.0 

62.3 

15.6 

T 

128.7 

119.9 

14.0 

38.3 

15.3 

128.9 

122.6 

16.0 

52.3 

15.0 

800F  E 

L 

119.7 

106.2 

20.0 

69.4 

13.7 

T 

120.7 

107.4 

11.0 

31.0 

13.9 

111.5 

100.2 

8.0 

28.4 

13.3 

M 

L 

118.0 

105.4 

23.0 

73.2 

13.5 

T 

114.8 

103.0 

9.0 

31.3 

13.0 

118.1 

104.8 

13.0 

36.2 

13.5 

C 

L 

115.3 

103.3 

20.0 

73.6 

13.7 

T 

115.5 

103.8 

11.0 

40.4 

13.2  . 

114.9 

103.5 

13.0 

46.5 

13.7 

* 

Duplex  anneal  1350F 

-  4  hr. 

WQ  plus  1225F  -  2 

hr.  WQ 

and  aged 

900F  -  96 

^  E:  Edge  L:  Longitudinal 

M:  Mid-radius  T;  Transverse 

C;  Center 
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TABLE  LXX 


*  Duplex  annealed  1450F  -  2  hr.  WQ  +  1350F  -  8  hr.  WQ  and  aged  925F  -  8  hr.  AC 
^  Double  neck. 

®  E*  Edge  ^  Longitudinal 

m!  Mid-Radius  T:  Transverse 

C :  Center 
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TABLE  IXXI 


ROOM  AND  ELEVATED  TEMPERATURE  TENSILE  PROPERTIES 
Alloy  253a(»lo»8V-2.5Al).  Six  Inch  Billed - 


Billet®  UTS 

Tompcrflt-ure  Location  Direction^  J^ksii 


74F  E  1*  157.6 

150.9 
T  153.4 

154.7 

M  L  143.9 

148.4 
T  156.7 

154.9 

C  L  148.4 

146.1 
T  155.8 

153.6 

157.9 


YS  El  RA  E 

(ksl)  a)  m-  (xl(fp^  Break 


152.4  16.0  51.9  15.8 

147.9  14.0  48.9  15.9 

145.8  10.0  15.7  15.3 

147.9  10.0  19.9  15.0 

143.1  17.0  63.2  15.9 

147.0  17.0  54.3  16.3 

145.8  8.0  19.9  15.3 

144.9  8.0  20.0  15.8 

143.4  13.0  53.3  15.6 

141.9  15.0  49.9  15.1 

147.3  8.0  16.8  15.6 

144.6  8.0  22.3  15.0 

147.9  8.0  18.5  15.5 


400F  E 

M 

C 

800F  E 

M 

C 


L  -  - 

T  122.0  113.6 

L  121.5  117.3 

T  131.2  118.3 

L  118.1  111.0 

T  128.2  115.2 

129.2  117.3 

L  106.4  93.1 

T  109.5  96.0 

109.2  96.6 

L  106.2  93.8 

T  111.2  96.0 

111.3  97.3 

L  106.2  93.8 

T  113.3  98.1 

110.2  95.6 


m 

8.0 

33.9 

15.3 

18.0 

64.4 

15.0 

15.0 

45.3 

15.0 

14.0 

69.1 

15.5 

12.0 

36.2 

15.0 

13.0 

48.3 

15.1 

18.0 

64.0 

13.4 

10.0 

44.1 

13.3 

14.0 

52.7 

14.0 

19.0 

69.5 

13.2 

14.0 

44.1 

14.1 

15.0 

52.1 

13.2 

15.0 

61.1 

13.8 

11.0 

43.5 

13.9 

12.0 

46.7 

13.4 

*  Duplex  annealed  1350F  -  4  hr.  WQ  +  1225F  -  2  hr.  WQ  and  aged  900F  -  96  hr.  AC 

*  E;  Edge  ^  L;  Longitudinal 

M;  Mid-Radius  T:  Transverse 

C :  Center 
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TABLE  LXXII 


ROOM  TEMPERATURE  TENSILE  AND  PRECRACKED  CHARPY 
TOUGHNESS  PROPERTIES*  OF  6"  BILLET  OF 
_ ALLOY  #334a0Mo-6Cr-2.5Al) _ 


Mechanical  Properties _ 

Tensile _ .  Kn® 


UTS 

YS 

El 

RA 

E 

(ksl/ln) 

Location^ 

Direction^ 

(ksl) 

(ksl) 

(xlO^psl) 

Break 

LRd  SLd 

E 

L 

151.6 

148.8 

36.0 

46.5 

17.5 

B 

T 

154.4 

149.7 

21.0 

30.0 

15.6 

C 

M 

L 

138.6 

136.1 

34.0 

53.4 

15.9 

B 

156.1  — 
143.4  — 

T 

151.6 

150.0 

24.0 

28.4 

16.4 

B 

82.2 

66.2 

C 

L 

148.3 

144.3 

32.0 

37.7 

16.4 

B 

MM 

T 

147.1 

144.6 

25.0 

33.1 

15.6  ' 

B 

78.2 

151.8 

147.6 

28.0 

35.0 

15.9 

A 

72.2 

Duplex  annealed  1350F  -  4  hr  WQ  plus  1225F  -  2  hr  WQ  and  aged  lOOOF  -  96  hr  AC. 

*  E:  Edge  ^  L:  Longitudinal 

M:  Mld-radlus  T:  Transverse 

C:  Center 

®  From  slow  bend  precracked  Charpy  samples  using  Kft  ■  W  x  E 

A  2(1- 7;a) 

^  For  nomenclature  used  see  Appendix  F. 
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TABLE  LXXIII 


ROOM  TEMPERATURE  TENSILE  AND  PRECRACKED  CHARPY 
TOUGHNESS  PROPERTIES*  OF  6"  BILLET  OF 
_ ALLOY  #227  (7Mo-4Cr-2.5Al) _ 


Mechanical  Properties 


Tensile 


Location^ 

Dlrectlonb 

UTS 

(ksl) 

YS 

(ksl) 

El 

RA 

(7.) 

E 

(xlO^  osl) 

Break 

E 

L 

164.0 

156.9 

14.0 

38.0 

16.1 

A 

T 

164.5 

153.9 

4.0 

9.7 

16.5 

A 

M 

L 

162.0 

151.2 

14.0 

39.8 

16.0 

A 

T 

158.8 

149.1 

- 

15.9 

OGM 

C 

L 

158.5 

147.6 

16.0 

46.5 

15.8 

C 

T 

155.3 

144.9 

8.0 

29.0 

15.9 

C 

158.3 

148.8 

10.0 

30.7 

16.0 

A 

(ks^ln) 

LRd  SLd 


102.2  ~ 
99.6 

55. 

58.1 


62.: 

60. 


*  Duplex  annealed  1450F  -  2  hr  WQ  plus  1350F  -  8  hr  WQ  and  aged  lOOOF  -  8  hr  AC 

®  E:  Edge  ^  L:  Longitudinal 

M;  Mld-radlus  T:  Transverse 

C :  Center 

®  From  Slow  bend  precracked  Charpy  sanples  using  Kft  “  W  x  E 

A 

^  For  nomenclature  used  see  Appendix  F. 
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I  1 
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I  i 


ROOM  TEMPERATURE  TENSILE  AND  PRECRACKFED  CHARPY 
TOUGHNESS  PROPERTIES*  OF  6"  BILLET  OF 
_ ALLOY  #253(I0Mo-8V-2.5Al) _ 


Mechanical  Properties 


Tensile 


;  f 

Location^ 

UTS 

Direction^  (ksl) 

YS 

(ksl) 

El 

RA 

(%) 

E 

(xlO^Dsi) 

Break 

(ksi/in) 
LRd  SL^ 

1 

i  i 

E 

L 

142.6 

137.9 

16.0 

47.7 

15.6 

C 

144.9 

140.3 

18.0 

60.4 

15.8 

C 

-- 

\  , 

T 

143.4 

137.3 

10.0 

27.0 

14.9 

B 

-- 

M 

L 

149.8 

147.6 

19.0 

48.4 

15.5 

c 

145.9 

140.0 

1  i 

T 

148.9 

139.7 

11.0 

29.6 

15.1 

c 

— 

78.1 

73.8 

\ 

C 

L 

139.8 

135.8 

16.0 

47.7 

14.9 

C 

€■« 

T 

144.9 

139.7 

11.0 

27.6 

15.0 

B 

83.5 

T 

1 

145.4 

140.6 

10.0 

27.6 

15.0 

C 

-- 

78.9 

i 

*  Duplex  annealed  1350F  -  4  hr  WQ  plus  1225F  -  2  1 

hr  WQ  and  aged  lOOOF  -  96 

hr  AC 

®  E: 
M: 
C: 


Edge 

Mld-radlus 

Center 


L:  Longitudinal 
T:  Transverse 


^  From  slow  bend  precracked  Charpy  samples  using  W  “  W  x  E 

A  2(1- V) 

For  nomenclature  used  see  Appendix  F. 
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TABLE  LXXV 


ROOM  TEMPERATURE  TENSION°TENSION  FATIGUE  DATA 

(Six  Inch  Diameter  Billet,  Transverse 
Specimens  Center  Location) 

Unnotched.  R  "  +  0,1 


Cycles 

to  Failure. 

xlO® 

Maximum  Stress 

Alloy 

Alloy 

227b 

Alloy 

ksl 

334  ® 

253 

120 

217 

• 

115 

- 

1,337 

- 

110 

- 

2,542* 

- 

110 

- 

2,640* 

48 

105 

- 

- 

44 

105 

- 

- 

44 

100 

2,737 

2,614* 

2,524* 

100 

1,915 

2,676* 

6,829* 

95 

618 

- 

3,073* 

95 

2,653* 

- 

- 

90 

2,448 

- 

90 

2,544* 

- 

- 

Notched,  Kt  =  3.0, 

R  =  +  0.1 

52 

510 

50 

35 

2,568* 

48 

44 

47 

101 

6,891* 

45 

2,603* 

- 

43 

125 

40 

2,614* 

Tensile  Properties 

,  Transverse  Specimens 

Center/Mld-Radlus 

Positions 

UTS,  ksl 

156 

167 

156 

YS,  ksl 

151 

152 

147 

%  Elongation 

28 

7 

8 

7.  RA 

33 

18 

19 

®  (10Mo-6Cr-2.5Al)  -  Duplex  annealed  1350F  -  4  hr,  WQ  + 
1225F  -  2  hr,  WQ,  aged  900F  -  96  hr. 

^  (7Mo-4Cr-2.5Al)  -  Duplex  annealed  1450F  -  2  hr,  WQ  + 
1350F  =  8  hr,  WQ,  aged  925F  -  8  hr. 

^  (10MO-8V-2 .5A1)  -  Duplex  annealed  1350F  -  4  hr,  WQ  + 
122 5F  -  2  hr,  WQ,  aged  900F  -  96  hr. 


Test  discontinued,  no  failure. 
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TABLE  LXXXIl 


PHASE  111  STRUCTURAL  WORK: 
SAMPLE  GROUPS  EVALUATED 


Group  Figures 

1  Single /double  aged  (pre-age)  94-102 

2  "Optimum”  processing  10.5"  RCS-.6"  billet  103-128 

3  Beta  recrystalllzed  129-138 

4  Beta  processed  139-147 

5  High- low  solution  anneal  148-154 

6  Low-high  solution  anneal  155-162 

7  Six  inch  billet  163-204 

8  Half  inch  plate  205-213 

9  Tensile  sanples  214-221 

10  Billet  as  duplex  solution  annealed  222-227 
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Strain  rate  approximately  275  sec 
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TABLE  LXXXVI 

ENDURANCE  LIMIT  OF  CONTRACT  ALLOYS®,  AND  COMPARISON 
WITH  OTHER  POTENTIAL  DEEP  HARDENABLE  TITANIUM  ALLOYS 


1 

1. 


Alloy 

UTS 

Endurance  Limit  (ksl) 
Unnotched  Notched 

Endurance  Limit/UTS  (%)  ! 

Unnotched  Notched 

334 

156 

92 

46 

59 

1 

29.5  ' 

227 

167 

114 

51 

68 

30.5  1 

253 

156 

104 

42 

67 

27  i 

/ 

Ti-6- 

22-22S* 

171 

95 

45 

55 

26  * 

1 

( 

Ti-6A1- 

2Sn-4Zr- 

6Mot 

169/186  81 

36 

<48 

<21 

1 

V 

f 

(3  ‘ 

^  Six  inch  diameter  billet,  transverse  specimens  center  i 

locaticr  '  «  40.1,  Kt  (notched)  ■  3,0,  2.5  x  10®  cycles, 

values  }m  Figures  230,  231  and  232. 

Two  inch  bar,  longitudinal  specimens  mid-radius  location, 

R  -  40.1,  Kt (notched)  -  3.0,  10’' cycles,  Table  XXXIII 
reference  27. 

^  Forgings,  references  40  and  41. 
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TABLE  LXXXVII 


TOUGHNESS -DUCTILITY  OF  Ti-Mo-Cr-V-Al  HALF  INCH  PLATE 
_ ALLOYS^  AT  GOAL  YIELD  STRENGTH  LEVEL^ _ 


Con;)osltion  Kq®  RA^ 

Alloy  (bal  Ti)  (ksl/in)  (7.) 


No. 

Cr 

V_ 

A1 

RW 

WR 

L 

T 

334 

10 

6 

• 

2.5 

57.0 

59.9 

24.7 

8.5 

16* 

8 

4.5 

- 

2.5 

55.0 

62.5 

24.5 

20.0 

227 

7 

4 

- 

2.5 

42.5 

55.0 

46.7 

25.1 

253 

10 

• 

8 

2.5 

48.0 

55.2 

4.7 

15.0 

^  At  a  yield  strength  corresponding  to  YS/density  of 
1.0  X  10*  Inches. 


^  Processed  in  a  similar  manner;  i.e,  low  temperature 
processed,  annealed  at  T  -  75F  for  8  hours. 

*  Data  developed  under  NAVAIR  contract  N00019-73-C-0335, 
alloy  coiqpositlon  derived  on  basis  of  Phase  I  and  II 
results  under  present  contract. 

®  From  Figures  234,  235,  236  and  237. 

^  From  Figures  238,  239,  240  and  241. 
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PREDICTED  DUCTILITY  DIRECTIONALITY  BASED  ON  THE 
ANTICIPATED  CRACK  CHARACTERISTICS  IN  PLATE  AND  BILLET* 
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Contract  goal  at  a  yield  strength  corresponding  to  YS/density  of  1.0 
Contract  goal  yield  strength  level  (density  normalized) . 


Fig.  2  -  Necessary  characteristics  to  meet  contract  strength 
goals  derived  from  Table  XI 1,  and  assuming  a  required  hardness 
of  AOO  VPN  and  a  density  of  0.169  lbs,  ins”^. 


Solution  Treatment  Temp.  1®F) 

Fig.  3  >  Variation  of  attainable  hardness  and 

T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  215  -  9Mo-7.5Sn. 


500 


Fig.  4  •  Variation  of  attainable  hardness  and 

T^T-T  nose  time  with  solution  treatment  temperature. 
Alloy  216  -  8Mo-8V-2Fe-3Al. 
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Time  Imln.) 


Fig.  5  -  Variation  of  attainable  hardness  and 

T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  217  -  7Mo-1.5Al-3Sn. 
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Fig.  6  •  Variation  of  attainable  hardness  and 

T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  225  -  9Mo-2.5Al. 


Time  (min.) 


Fig.  7  -  Variation  of  attainable  hardness  and 

T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  227  •  7Mo-4Cr-2.5Al. 


Time  Imin. 


Solution  Treatment  Temp.  l®F) 

Fig.  8  «  Variation  of  attainable  hardness  and 
T-T’-T  nose  time  with  solution  treatment  temperature. 
Alloy  230  -  ®lo-AZr-7.5Sn. 
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Time  (min.) 


Fig.  9  -  Variation  of  attainable  hardness  and 

T*T‘T  nose  time  with  solution  treatment  temperature. 
Alloy  232  -  4Mo-8V-6Cr-2.5Al. 


(  uiuj)  aujji 


Solution  Treatment  Temp.  (®F) 

Fig.  10  -  Variation  of  attainable  hardness  and 
T-T-T  nose  time  with  solution  treatment  teDq>erature 
Alloy  235  -  6Mo-4Zr-6Al-2Sn. 


Fig.  11  -  Variation  of  attainable  hardness  and 
T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  238  -  6Mo-3V-4Zr-7.5Sn. 
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Time  Imin. 


Solution  Treatment  Temp.  1®F) 

Fig.  12  -  Variation  of  attainable  hardness  and 

T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  240  -  6M0-6V. 
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Time  tmin. 


Attainable  Hardness  (VPN) 


Time  (min. 


Fig.  14  -  Variation  of  attainable  hardness  and 

T-T-T  nose  time  with  solution  treatment  temperature. 
Alloy  253  -  10Mo-8V-2.5Al. 
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Time  tmin. 


Solution  Trectment  Temp.  1®F) 

Fig.  15  ~  Variation  of  attainable  hardness  and 
T-T-T  nose  time  with  solution  treatment  temperature 
Alloy  261  -  9Mo-1.5Al-3Sn. 


O  -232 
o  -240 
A -243 
^  -253 
•  -261 


Nose  Time  (min.) 

Fig.  16  .  Comparison  of  strength  potential  and  nose  time 
of  selected  "good"  alloys  with  contract  target  curve. 
Alloy  parameters  are  obtained  directly  from  Figures  3-15 
hardness  values  being  converted  to  UTS  (Figure  1  )  and 
normalized  by  dividing  by  density. 


Alloy  216 
Alloy  232 
Alloy  240 
Alloy  243 
Alloy  253 
Alloy  261 


8Mo-8V-2Fe-3Al 

4Mo-8V-6Cr-2.5Al 

6MO-6V 

11MO-U1-0.5S1 

10MO-8V-2.5A1 

9Mo-1.5Al-3Sn 


UTS/Density  Onches) 


□ 

-220 

0 

-225 

-227 

-235 

0 

-266 

Target 

Nose  Time  (min.) 

Fig.  17-  Conq)arlson  of  strength  potential  and  nose  time 
of  selected  "good"  alloys  with  contract  target  curve. 
Alloy  parameters  are  obtained  directly  from  Figures  3-13 
hardness  values  being  converted  to  UTS  (Figure  1  )  and 
normalized  by  dividing  by  density. 

Alloy  220  -  11MO-2.5A1 
Alloy  225  -  9Mo-2.5Al 
Alloy  227  -  7Mo-4Cr-2.5Al 
Alloy  232  -  4Mo-8V-6Cr-2.5Al 
Alloy  266  -  llMo-4Al 


UTS/Density  (Inches) 


Nose  Time  (min.) 

Fig.  18  -  Comparison  of  strength  potential  and  nose  time 
of  selected  "good"  alloys  with  contract  target  curve. 
Alley  parameters  are  obtained  directly  frem  Figures  3-15 « 
hardness  values  being  converted  to  UTS  (Figure  Ijl  and 
normalized  by  dividing  by  density. 

Alloy  215  -  9Mo-7.5Sn 
Alloy  230  -  8Mo-4Zr-7.5Sn 
Alloy  238  -  6Mo-3V-4Zr-7.5Sn 
Alloy  241  -  12MO-6V-1A1 
Alloy  294  -  11.5Mo-6Zr-4.5Sn 
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Fig.  19  -  Alloy  261,  ST  1450F-2  hrs,  aged  900F-4  hrs. 


Fig.  20  -  Alloy  227,  ST  1400F-4  hrs,  aged  900F-8  hrs. 


Transverse  cross  section  of  simulated  cooled  Charpy.  X8.5 
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Fig.  21  -  Alloy  216,  ST  1300F-4  hrs,  aged  900F-96  hrs. 


Figr  22  -  Alloy  334,  ST  i325F-4  hrs,  aged  875F-96  hrs. 
Transverse  cross  section  of  simulated  cooled  Charpy.  X8.5 
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Fig.  23  -  Alloy  337,  ST  1350F-4  hrs,  aged  875F-24  hrs. 


Transverse  cross  section  of  simulated  cooled  Charpy .  X8.5 
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Surface 


Longitudinal 
Cross-  Section 


uULj 


Longitudinal  Cross-Section 


Fig.  25  -  Alloy  261,  ST  1450F-2  hrs,  simulated  cooled,  aged 
900F  -  4  hrs.  Optical  isometric  X500.  Surface  replica  X5,200. 
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Surface 


Transverse 
Cross-Section 


Longitudinal 
Cross-Section 


Longitudinal  Cross-Section 

Fig.  26  -  Alloy  227,  ST  1400F-4  hrs,  simulated  cooled,  aged 
900F-hrs.  Optical  isometric  X500.  Surface  replica  X5,200. 
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Longitudinal  Cross-Section 


Fig.  27  -  Alloy  216,  ST  1300F-4  hrs,  simulated  cooled,  aged 
900F-96  hrs.  Optical  isometric  X500.  Surface  replica  X5,200. 
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Longitudinal  Cross-Section 


Fig.  28  -  Alloy  334,  ST  1325F-4  hrs,  simulated  cooled,  aged 
875F-96  hrs.  Optical  isometric  X500.  Surface  replica  X5,200. 
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Fig.  29  -  Alloy  337,  ST  1350F-4  hrs,  simulated  cooled,  aged 
875F-24  hrs.  Optical  isometric  X500.  Surface  replica  X5,200. 
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Surface 


Longitudinal  Cross-Section 


Fig.  30  -  Alloy  235,  ST  1575F-1  hr,  simulated  cooled,  aged 
llOOF-8  hrs.  Optical  isometric  X500.  Surface  replica  X5,200 


Fracture  surface  transverse  (WR)  Charpy  X4 


Fracture  path  from  above.  Crack  propagated 
right  to  left.  X500 

Fig.  34  -  Alloy  227,  ST  1400F-4  hrs,  simulated  cooled,  aged 
900F-8  hrs. 
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Fig.  35  -  Alloy  227,  ST  1400-4  hrs,  simulated  cooled,  aged 
900F-8  hrs. 

Internal  fracture  path  from  Fig.  52.  Crack  propagated 
bottom  to  top.  X500 
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Fracture  surface  transverse  (WR)  Charpy  X4 


Fracture  path  from  above, 
righ  to  left. 


Crack  propagated 
X500 


Fig.  36  -  Alloy  216,  ST  1300F-4  hrs 
900F-96  hrs. 


simulated  cooled 
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Fracture  surface  transverse  (WR)  Charpy  X4 


Fracture  path  from  above.  Crack  propagated 
left  to  right.  X500 


Fig.  37  -  Alloy  334,  ST  1325F-4  hrs,  simulated  cooled,  aged 
875F-96  hrs. 
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Fracture  surface  transverse  (WR)  Charpy  X4 


Fracture  path  from  above.  Crack  propagated 
left  to  right.  X500 


Fig.  38  -  Alloy  235,  ST  1575F-1  hr,  simulated  cooled,  aged 
llOOF-8  hrs. 
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130  140  150  160  170  180  190  200  210  220  230  240 

Yield  Strength  (ksi) 

Figure  48  -  Alloy  261.  Fracture  toughness-yield  strength  characteristic  alloy  trend  lines 
Defined  using  the  data  from  Tables  XX  and  XXI. 
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Figure  49  -  Al^y  261.  IXictlllty-yleld  aCrength  cheracterlatlc  alloy  trend  lines 
Defined  using  the  data  fro*  Tables  XX  and  XXI. 
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130  140  150  160  170  180  190  200  210  220  230  240  250 

Yield  Strength  (ksi) 

Figure  50-  Alloy  337.  Ductility-yield  strength  characteristic  alloy  trend  lines. 

Defined  using  the  data  from  Tables  XX  and  XXI. 
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Surface 


Alloy  338  (4Mo-4Cr-4Zr-6AI-2Sn) 
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)  140  150  160  170  180  190  200  210  220  230 

Yield  Strength  (ksi) 

Figure  54  -  Alloy  338.  IXictility-yleld  strength  characteristic  alloy  trend  lines. 
Defined  using  the  data  from  Tables  XX  and  XXI. 
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Yield  Strength  (ksi) 

Flgiire  56  -  Alloy  339.  Ductility-yield  strength  characteristic  alloy  trend  lines. 
Defined  using  the  data  from  Tables  XX  and  XXI. 
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Fig.  59  -  Microstructure  as  revealed  by  light 
microscopy  in  (a)  Alloy  226  (12V-2.5A1)  as 
solution  treated  and  (b)  Alloy  227  (7Mo-4Cr- 
2.5A1)  as  solution  treated. 
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Fig.  60  -  X-ray  diffraction  scans  in  the  range  of  34°  -40®  2fi  from 
(a)  hexagonal  martensite  or  primary  a;  (b)  hexagonal  martensite 
or  primary  a  plus  p;  (c)  orthorhombic  martensite  (a")* 


(1011) 


Fig.  61  -  Transmission  electron  micrograph 
of  Alloy  227  (7Mo-4Cr-2 . 5A1)  as  solution 
treated  showing  a"  which  has  spontaneously 
transformed  to  an  fee  martensite  during 
thinning . 
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Fig.  62  -  X-ray  diffraction  scans  illustrating  reversion  of  a"  to 
^  during  early  stages  of  aging  Alloy  227  (7Mo-4Cr-2.5Al) .  (a)  a" 

in  as  solution  treated  condition,  (b)  a+p  in  san5)le  aged  1  minute 
at  900F,  (c)  a+p  in  sample  aged  48  hours  at  900F.  Note  increase  in 
a-line  intensity  and  change  in  p-line  position  due  to  alloy  partitic 
compared  to  sample  aged  for  1  minute. 


Fig.  63  -  Transmission  electron  micrograph 
of  Alloy  227  (7Mo-4Cr-2 . 5A1)  solution  treated 
and  aged  6  minutes  at  900F.  Microstructure 
consists  of  a  precipitates  in  p  matrix. 
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Fig.  64  -  Selected  area  diffraction  patterns  from  TEM 
samples  in  which  a-phase  has  precipitated  in  a  beta  matrix, 
(a)  I’lOO]^  zone  in  Alloy  227  (7Mo-4Cr-2 . 5A1)  solution 
treated  and  aged  8  hours  at  900F;  (b)  [100]  ^  zone  in  Ti 
alloy  in  which  Burgers  orientation  relation  betv/een  a  and  ji 
phases  exists. 
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g.  64  -  Selected  area  diffraction  patterns  from  TEM  _ 
imples  in  which  a-phase  has  precipitated  in  a  beta  matrix. 
)  rllllo  zone  in  Alloy  227  (7Mo-4Cr-2 . 5A1)  solution 
reated  and  aged  8  hrs  at  900F;  and  (d)  [1113^  zone  in  Ti 
.loy  in  which  Burgers  orientation  relation  exists. 
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Fig.  65  -  Athermal  omega  phase  in  solution  treated  Alloy  240 
(6M0-6V)  as  revealed  by_TEM.  (a)  SAD  pattern  showing  superimposed 
rll3]c  zone  and_two  [1120],,  zones;  (b)  dark  field  electron  micro¬ 
graph  with  [10 111,,,  reflection  operating. 


Fig.  68  -  Ellipsoidal  omega  particles  in  Alloy  240 
(6M0-6V)  solution  treated  and  aged  8  hrs  at  800F  as 
revealed  by  transmission-electron  microscopy. 


Fig.  69  -  Transmission  electron  micrograph  of  Alloy 
243  (llMo-lAl-0 . 5Si)  solution  treated  and  aged  8  hrs  at 
950F  showing  a-phase  precipitation  in  -  matrix. 


Fig.  70  Transmission  micrograph  of 
Alloy  266  (llMo-4Al)  as  solution  treated 
revealing  sub-grain  structure  in  p  matrix. 
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Fig.  71  -  Selected  area  electron  diffraction 
pattern  in  Alloy  266  indicating  grain  boundary 
a-phase  precipitate  has  Burgers  orientation 
relation  with  r  matrix. 
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Fig.  72  Alloy  266  (llMo-4Al)  solution  treated  and  aged 
2  minutes  at  lOOOF.  (a)  Transmission  electron  micrograph 
revealing  high  density  of  a  precipitates;  (b)  selected 
area  electron  diffraction  pattern  indicating  a-precipitates 
do  not  have  Burgers  orientation  relation  with  p  matrix. 
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b 

Fig.  73  -  Transmission  electron  micrographs  of  Alloy 

266  (11MO-4A1)  solution  treated  and  aged  at  lOOOF 
illustrating  agglomeration  of  a -phase  precipitates. 

(a)  8  hour  age,  dark  field  micrograph  with  (lOlO)^^ 
reflection  operating,  and  (b)  48  hour  age,  bright  field 
micrograph. 
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Figure  74.  Simulation  of  Phase  III  forging  using  plasticine 
"swiss-rolls".  (Left)  "Swiss-roll"  compiled 
from  two  different  colored  strands  of  plasticine 
(Middle)  "Swiss-roll”  after  simulated  tri- 
directional  forging  sequence  (Figure  75). 

(Right)  "Swiss-roll”  after  simulated  uni¬ 
directional  forging  sequence.  Longitudinal 
cross-section  is  shown  at  the  top  and  transverse 
cross-section  at  the  bottom  in  each  case. 

Note  increased  distortion  of  plasticine  in  the 
center  of  the  ”Swiss-roll”  after  tri-directional 
working. 
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— indicotes  bottom  surfoce  that  was  cooted  green 


Figure  75.  Trl-directional  (three  directions  mutually  at  right 
angles)  primary  forging  sequence  used  to  convert 
ingots  to  10.5  inch  RCS  bloom. 
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30%  Upset 
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Test  Piece 


30%  Upset 


plus  Draw-Out 


Piece 


Piece  2 


Piece  3 


.25-Inch  RCS 


Note  :  Each  piece  contains  sufficient  material  for  two  tensile 
and  two  chorpy  specimen  sample. 


Figure  76.  Schematic  Illustration  of  conversion  of  full  sized 
10.5  mil  RCS  bloom  to  6  inch  diameter  billet  and 
corresponding  samples  used  to  simulate  this  processing 
sequence . 
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Figure  79.  Alloy  227  (7Mo-4Cr-25Al) .  Comparison  of  yield  strength  -  toughni 
after  the  various  TMT  sequences  defined  in  Tables  XXXIX  and  XLIV 
Treatments  corresponding  to  the  various  codes  are  defined  in  the 
referenced  Tables. 
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Microstructure  of  (top)  Alloy  334  (10Mo-6Cr-2 . 5A1)  and 
(bottom)  Alloy  227  (7Mo-4Cr-2 . 5A1)  as  forged  from 
10.5  inch  RCS  to  6-3/4  inch  RCS  and  allowed  to  air  cool 
both  X275. 


Figure  85.  Transverse  yield  strength  -  toughness  (Kq)  alloy  334  (10Mo-6Cr-2. 5A1) 
after  various  thermomechanical  treatments. 


Alloy  227 


Yield  Strength  (Ksi) 

Figure  87.  Transverse  yield  strength  -  toughness  (Kq)  alloy  227  (7Mo-4Cr-2. 5A1) 
after  various  thennomechanical  treatments. 


Transverse  yield  strength  -  ductility  (RA)  alloy  227  (7Mo-4Cr-2,5Al) 
after  various  theraomechanlcal  treatments. 
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Figure  89.  Specimen  location  diagram.  Indicating  position  of 
the  various  types  of  sanq)ies  In  the  full  six  Inch 
diameter  billet. 
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Figure  90b.  Pole  figure  of  alloy  334  (10Mo-6Cr-2. 5A1)  plat 
(200)  beta  planes.  RW  plane  with  R  orientated 
top  to  bottom  of  page  (see  Appendices  D  and  F) 
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Figure  91a.  Pole  figure  of  alloy  334  (10Mo“6Cr-2.5Al)  billet, 

(110)  beta  planes.  SR  plane  (See  Appendices  D  and  F) 
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Figure  92b.  Pole  figure  of  alloy  227  (7Mo-4Cr-2.5Al)  billet, 

(200)  beta  planes.  SR  plane  (see  Appendices  D  and  F) 
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Figure  93a.  Pole  figure  of  alloy  334  (10Mo-6Cr-2.5Al)  billet, 

(110)  beta  planes,  LS  plane  with  L  orientated  top  to 
bottom  of  page  (see  Appendices  D  and  F) . 
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Figure  93b.  Pole  figure  of  alloy  334  (10Mo-6Cr-2. 5A1)  billet, 

(200)  beta  planes,  LS  plane  with  L  orientated  top  to 
bottom  of  page  (see  Appendices  D  and  F) . 
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Figure  93c.  Pole  figure  of  alloy  334  (10Mo-6Cr-2.5Al)  billet, 

(211)  beta  planes,  LS  plane  with  L  orientated  top  to 
bottom  of  page  (see  Appendices  D  and  F) . 
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Figure  94  •  Alloy  334(10Mo-6Cr-2.5Al) .  Solution 
treated  1300F-4  hr  WQ,  pre-aged  662F-70  hr.  Note 
uniform  distribution  of  a-clusters  presumably 
resulting  from  precipitation  on  solute  lean  b'  zones. 
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I  Figure  96  .  Alloy  253(10Mo-8V-2 . 5A1) ,  sample  3C3Y1. 

Solution  treated  1275F-4  hr  WQ,  single  aged  950F-96  hr. 
I  ■  Note  elongated  primary  alpha  plates  (~500 thick)  and 

t  '  precipitated  alpha  plates  of  the  non-Burger's  type. 


Figure  97  .  Alloy  253(10Mo-8V-2.5Al) ,  sample  3C321. 
Solution  treated  1275F-4  hr  WQ,  duplex  aged  750F-8  hr  + 
,  900F-8  hr.  Compare  with  figure  above.  Note  reduced 

aspect  ratio  of  primary  alpha  and  approximately  same 
j  dispersion  and  size  of  precipitated  alpha  plates. 
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98  •  Alloy  334(10Mo-6Cr*2 . 5A1)  5  s* 

on  treated  1350F-4  hr  WQ,  single  age( 
Grain  boundard,  primary  and  seconda: 
tter  of  the  non-Burger's  type.  (Bott( 
plates  approximately  700  thick  with 

to  15:1. 
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Figure  102  .  Alloy  253(10Mo-8V-2 . 5A1)  ,  sample  3C3Z1. 
Solution  treated  1275F-4  hr  WQ,  duplex  aged  750F-8  hr  + 
900F-8  hr.  SEM  of  fracture  surface  (a)  X120,  (b)  X300  - 
precrack/fast  fracture  transition,  (c)  X1200,  (d)  X120  - 
fast  fracture. 

YS(ksi):  170,  RA(7o)  :  22,  KqCksi/in:  75. 
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Figure  103.  Alloy  334(10Mo-6Cr-2 . 5A1) ,  six  inch 
slice,  samples  4ELR10  and  4ESR2  (Table  XLVII) 
treated  1300F-4  hr  WQ,  aged  900F-96  hr.  Isometr 
tangential  face  XIOO. 

YS(ksi):  183  (L)  RAft) ;  15  (L)  K  (ksi/in) 

185  (T)  4  (T) 
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Figure  104  .  Alloy  334,  sample  4ELR10.  Fracture  surface 
X8,  crack  path  X500. 
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Figure  105  .  Alloy  334,  sample  4ELR10,  X500 


Axial 


R 


S 


— »  DCP 
Fast  Fracture 


Figure  107  .  Alloy  334,  sample  4ESR2 .  Fracture  surface 
X8,  crack,  path  X500. 
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Figure  109  .  Alloy  334  surface  replicas  X5200  (top) 
sample  4ELR10,  (bottom)  sample  4ESR2. 


Figure  110  .  Alloy  227(7Mo-4Cr-2 . 5A1)  six  inch  billet 
slice,  samples  7ELR11  and  7ESR3  (Table  XLVIII) „ Solution 
treated  1475F-2  hr  WQ,  aged  1025F-8  hr.  Isometric  X500, 
tangential  face  XIOO. 

YS(ksi):  174  (L)  RA(7o)  :  24  (L)  KQ(ksi/in):  59  (LR) 

171  (T)  12  (T)  51  (SR) 
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Figure  111  .  Alloy  227,  sample  7ELR11.  Fracture  surface  X8. 
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Figure  ±±2  •  Alloy  227,  sample  7ELR11,  X500 
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Figure  114  .  Alloy  227,  sample  7ELR11,  surface  replica  X5200. 
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Figure  115.  Alloy  227,  sample  7ESR3,  Fracture  surface  X8, 
crack  path  X500 . 
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Alloy  227,  sample  7ERS 
X25,  (b)  X200  -  precrack 
(c)  X250  -  fast  fracture 


Figure  117  .  Alloy  227,  sample  7ESR3,  surface  replica  X5200. 
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Figure  118  .  Alloy  227(7Mo-4Cr-2 . 5A1)  six  inch  billet 
slice,  samples  7ELR9  and  7ESR1  (Table  XLVIII) .  Solution 
treated  1475F-2  hr  WQ,  aged  900F-96  hr  +  1050F-8  hr. 


Isometric  X500,  tangential  face  XIOO. 

YS(ksi):  183  (L)  RA(7o)  :  28  (L)  KQ(ksi/in):  78  (LR) 

183  (T)  6  (T)  ^  41  (SR) 
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Figure  119  .  Alloy  227,  sample  7ELR9 
X8,  crack  path  X500. 
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Figure  120  .  Alloy  227,  sample  7ESR1.  Fracture  surface 
X8,  crack  path  X500. 


21‘5 


Figure  121  .  Alloy  227  surface  replicas  X5200. 
(Top)  sample  7ELR9,  (Bottom)  sample  7ESR1. 
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Figure  122  .  Alloy  253(10Mo-8V-2 . 5A1)  six  inch  billet 
slice,  samples  3ELR10  and  3ESR2  (Table  XLIV)o  Solution 
treated  1275-4  hr  WQ,  aged  900F-96  hr.  Isometric  X500, 
surface  replica  X5200. 

YS(ksi):  172  (L)  RA(%):  31  (L)  KqCksi/in) :  78  (LR) 
167  (T)  13  (T)  48  (SR) 
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Figure  123  .  Alloy  253,  sample  3ELR10.  Fracture  surface 
X8,  crack  path  X500. 
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Figure  124  .  Alloy  253,  sample  3ELR10,  X500. 


Figure  125  .  Alloy  253,  san5>le  3ELR10.  SEM  of  fracture  surface  (a)  X25,  (b)  X300,  (c)  XIOOO 
precrack/fast  fracture  transition,  (d)  X300,  (e)  XIOOO  -  fast  fracture. 
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Figure  126  .  Alloy  253,  sample  3ESR2. 
Fracture  surface  X8,  crack  path  X500. 
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Figure  128  •  Alloy  253,  sample  3ESR2,  (both)  surface 
replicas  X5200. 
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Figure  129  .  Alloy  334(10Mo-6Cr-2 . 5A1)  six  inch  billet 
slice,  sample  4MSL8  (TableLIIl) .  Recrystallize  annealed 
1525F-1  hr  WQ,  solution  annealed  1300F-4  hr  WQ,  aged  900F- 
96  hr.  Isometric  X250,  radial  face  XIOO. 

YS(ksi):  167  (L)  RA(%) ;  14  (L)  KQ(ksi/in) :  58  (LR) 

178  (T)  6  (T)  45  (SL) 
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Figure  130.  Alloy  334,  sample  4MSL8.  Fracture  surface 
X8,  crack  path  X500.  Note  faceted  appearance  of  fracture 
surface,  mixed  mode  transgranular/intergranular  crack 
propagation. 
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Figure  131  .  Alloy  334,  sample  4MSL8.  Crack  path  (top) 
X250,  (bottom)  X500.  Mixed  mode  transgranular/intergranular 
crack  propagation. 


SB 

■I 

Fieure  132  .  Alloy  334,  sainple*4MSL8.  SEM  of  fracture  surface  (a)  X30,  (b)  X300-precrack/fast 
fracture  transition,  (c)  XlOOO-fast  fracture  close  to  transition,  (d)  X250,  (e)  X500-fast  fracture 


Figure  133  .  Alloy  334,  sample  4MSL8,  surface  replica 
X5200.  Note  continuous  grain  boundary  alpha. 


Figure  134.  Alloy  227(7Mo-4Cr-2.5Al) .  Six  inch  slice, 
sample  7MSL4  (Table  LIV).  Recrystallize  annealed  1575F- 
\  hr  Wq,  solution  annealed  1475F-2  hr  WQ,  aged  102 5F- 
8  hr.  Isometric  X500,  radial  face  X250. 

YS(ksi):  180  (L)  RA(7o) :  5  (L)  KQ(ksi/in) ;  57  (LR) 

188  (T)  6  (T)  41  (SL) 
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Figure  135  .  Alloy  227,  sample  7MSL4.  Crack  path  (top) 
X250,  (bottom)  X500.  Mixed  mode  transgranular /intergranular 
crack  propagation. 


lOOO/xm 


Fracture  SurfaC' 


fKi- ■  •;  ■ 


Radial 


'  lO/xmi 


- ►  DCP 

Fatigue  Pre-crack 


Figure  136  .  Alloy  227,  sample  7MSL4.  Fracture  surface 
X8,  crack  path  X500.  Note  faceted  appearance  of  fracture 
surface;  essentially  flat  crack  path  with  some  tendency 
to  follow  continuous  grain  boundary  alpha. 
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Figure  137  .  Alloy  227,  sanqjle  7MSL4.  SEM  of  fracture  surface  (a)  X25,  (b)  X250  -  precrack/ 
fast  fracture  transition,  (c)  X900  —  fast  fracture  close  to  transition,  (d)  X250,  (o)  X900  - 
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Figure  139  .  Alloy  334(10Mo-6Cr-2 . 5A1)  .  10.5  inch  RCS 

slice,  saiqjle  4SL2  (Table  L  ).  Solution  annealed  1300F- 
4  hr  WQ,  aged  900F-96  hr.  Isometric  X250,  radial  face 
XIOO. 

YS(ksi);  177  (L)  RA(%) :  13  (L)  K  (ksi/in) :  99  (LR) 

182  (T)  9  (T)  60  (SL) 


Figure  140.  Alloy  334,  sample  4SL2 .  Fracture  surface 
X8,  crack  path  (top)  X250,  (bottom)  X500. 
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142.  Alloy  334,  sample  4SL2.  Surface  replic 
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Figure  143.  Alloy  227(7Mo-4Cr-2.5Al)  .  10.5  inch  RCS  slice, 
sample  7SL2  (Table  LI  ).  Solution  annealed  1475F  -  2  hr  WQ, 
aged  1025F  -  8  hr.  Isometric  X500,  radial  face  XIOO. 

YS(lcsi):  183  (L)  RA(7o) :  13  (L)  KqCksi/in) :  53  (LR) 

184  (T)  10  (T)  57  (SL) 


238 


lOOO/xm 


Fracture  Surface 


R 


Figure  144  .  Alloy  227,  sample  7SL2.  Fracture  surface  X8. 
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Fi'are  145  .  Alloy  227,  sample  7SL2 ,  X500. 
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146.  Alloy  227,  sample  7SL2.  SEM  of  fracture  surface  (a)  X30,  (b)  X250  -  precrack/fast 
transition,  (c)  XIOOO  -  fast  fracture  close  to  transition,  (d)  X250,  (e)  XIOOO  -  fast 
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Figure  148  .  Alloy  334(10Mo-6Cr-2.5Al)  .  Six  inch  billet 
slice,  sample  4SR12  (Table  LX).  Solution  annealed  1350F  - 
4  hr  WQ  plus  1200F  -  4  hr  WQ,  aged  900F  -  96  hr.  Isometric 
X500,  axial  face  XIOO. 

YS(ksi):  147  (L)  RA(%) :  39  (L)  KqCksiyin)  :  158  (LR) 

149  (T)  23  (T)  83  (SR) 
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Figure  149  .  Alloy  334,  sample  4SR12,  Fracture  surface  X8 
crack  path  X500. 
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Figure  151.  Alloy  227(7Mo-4Cr-2 . 5A1) .  Six  inch  billet 
slice,  sample  7SR22  (Table  LXI).  Solution  annealed  1450F  - 
2  hr  WQ  plus  i250F  -  4  hr  WQ,  aged  950F  -  8  hr.  Isometric 
X500,  axial  face  XIOO. 

YS(ksi):  146  (L)  RA(7,)  :  58  (L)  KnCksi/in) :  179  (LR) 

146  (T)  44  (T)  86  (SR) 
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Figure  152.  Alloy  227,  sample  7SR22.  Fracture  surface 
X8,  crack  path  X500. 


Figure  153  .  Alloy  227,  sample  7SR22.  Crack  path  X500. 
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Figure  155  .  Alloy  334(10Mo-6Cr-2 . 5A1)  .  Six  inch  billet 
slice,  sample  4SR16  (Table  LVIll) ,  Solution  annealed  1250F  - 
8  hr  WQ  plus  1375F  -  24  hr  Wq  plus  1325F  -  100  hr  WQ,  aged 
950F  -  96  hr.  Isometric  X500,  axial  face  XIOO. 

YS(ksi):  167  (L)  RA(%) :  31  (L)  KQ(ksi/in):  95  (LR) 

170  (T)  6  (T)  60  (SR) 
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Figure  156  .  Alloy  334,  sample  4SR16.  Fracture 
surface  X8,  crack  path  X500. 


re  157.  Alloy  334,  sample  4SR16.  SEM  of  fracture  surface  (a)  X25,  (b)  X250 
rack/ fast  fracture  transition,  (c)  X250,  (d)  X500  -  fast  fracture. 


Figure  158  ,  Alloy  334,  sample  4SR16.  Surface  replica 
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Figure  159.  Alloy  227(7Mo-4Cr-2 . 5A1)  ,  Six  inch  billet 
slice,  sample  7SR20  (Table  LIX).  Soluton  annealed  1350F- 
8  hr  WQ  plus  1475F  -  24  hr  WQ  plus  142 5F  -  100  hr  WQ, 
aged  1025F  -  8  hr.  Isometric  X500,  axial  face  XIOO. 
YS(ksi):  — -  (L)  RA(7„) :  —  (L)  Kqdcsi/in):  --  (LR) 

166  (T)  11  (T)  38  (SR) 
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Figure  161  .  Alloy  227,  sample  7SR20.  Crack  path  X500 
surface  replica  X52G0. 
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Figure  163-  Alloy  334(10Mo-6Cr-2 . 5A1)  .  Six  inch  billet 
full  piece  center  samples  4SLC2  and  4LRC2  (Table  LXVI) » 
Solution  annealed  1350F-4  hr  Wq  plus  1225F-2  hr  WQ,  aged 
900F-96  hr.  Isometric  X500,  radial  face  XIOO. 

YS(ksi);  147  (L)  RA(7o):  50  (L)  KqCksi/in):  126  (LR) 

151  (T)  33  (T)  70  (SL) 
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Figure  165.  Alloy  334,  sample  4SLC2 .  Crack  path  X500. 


Figure  166.  Alloy  334,  sample  4SLC2.  SEM  of  fracture  surface  (a)  X25,  (b)  X250-precrack/fast 
fracture  transition,  (c)  X250,  (d)  X500  -  fast  fracture. 
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Figure  167.  Alloy  334,  sample  4LRC2.  Fracture  surface 
X8,  crack  path  X500. 
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Figure  168.  Alloy  334,  sample  4LRC2.  SEM  of  fracture  surface  (a)  X25,  (b)  X250  -  precrac 
fast  fracture  transition,  (c)  X250,  (d)  X500  -  fast  fracture. 
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Figure  169.  Alloy  334,  sample  4LRC2.  Surface  replica 
X5200. 
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Figure  170.  Alloy  334(10Mo-6Cr-2.5Al) .  Six  inch  billet 
full  piece,  center  sample  4SLC4.  (Table  LXXII)  ^  Solution 
annealed  1350F-4  hr  WQ  plus  1225F-2  hr  WQ,  aged  lOOOF- 
96  hr.  Fracture  surface  X8,  crack  path  X500. 

YS(ksi):  144  (L)  RA(7o)  :  37  (L)  KQ(ksi/in)  :  --  (LR) 

146  (T)  34  (T)  75  (SL) 
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Figure  171  .  Alloy  334,  sample  4SLC4.  SEM  of  fracture  surface  (a)  X25,  (b)  X250  -  precrack/ 
fast  fracture  transition,  (c)  XIOOO  -  fast  fracture  close  to  transition,  (d)  X200,  (e)  XIOOO- 
fast  fracture. 
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Figure  173.  Alloy  334(10Mo-6Cr-2 . 5A1)  .  Six  inch  billet 
full  piece,  edge  samples  4SLE2  and  4LRE2  (Table  LXVI)o 
Solution  annealed  1350F-4  hr  UO  plus  1225F-2  hr  WQ,  aged 
900F-96  hr.  Radial  face  X500,  surface  replica  X5200. 
YS(ksi):  155  (L)  RA(7o) :  53  (L)  KoCksi/in)  :  134  (LR) 

150  (T)  23  (T)  59  (SL) 
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Figure  174  .  Alloy  334,  sample  4SLE2.  Fracture  surface  X8, 
crack  path  X500. 
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Figure  175.  Alloy  334,  sample  4LRE2 
surface  replica  X5200. 
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Figure  176.  Alloy  334,  sample  4LRE2.  Crack  path  X250 


Tangentiol 


Tongential 


'2.5A1).  Six  inch  bille 
and  7LRC2  (Table  LXVII 
plus  1350F-8  hr  WQ,  age 
ace  replica  X5200. 

L)  Kq  (ksi/in) :  84  (L 
T)  50  (S 


Figure  177  .  Alloy  227 
full  piece,  center  samp 
Solution  annealed  1450F 
925F-8  hr.  Isometric  X 
YS(ksi):  151  (L)  RA(' 
152  (T) 


Crock  Front  ISR) 


Crock  Front  tLR) 


Tongentiol 


Rodiol 


Figure  178.  Alloy  2.1.1^  sample  7SLC1 
surface  replica  X5200. 


Figure  179.  Alloy  227,  sample  7SLC1.  Fracture 
surface  X8. 
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Figure  180.  Alloy  227,  sample  7SLC1.  Crack  path  X500 
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Figure  181.  Alloy  227,  sample  7SLC1.  SEM  of  fracture  surface  (a)  X25,  (b)  X250  -  precrack/fast 
fracture  transition,  (c)  XIOOO  -  fast  fracture  close  to  transition,  (d)  X250  -  fast  fracture. 
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Figure  182.  Alloy  227,  sample  7LRC2.  Fracture  surface 
X8,  crack  path  X500. 
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Figure  183.  Alloy  227,  sample  7LRC2.  Crack  path  X500. 
Note  extended  branch  crack  (vertical)  with  apparent  voids 
ahead  of  crack  tip. 
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Figure  186.  Alloy  111  (7Mo-4Cr-2 . 5A1) .  Six  inch  billet 
full  piece,  edge  samples  7SLE2  and  7LRE2  (Table  LXVII) . 
Solution  annealed  1450F  -  2  hr  WQ  +  1350F  -  8  hr  WQ,  aged 
925F  -  8  hr.  Radial  face  X500  (top),  XlOO  (bottom). 

YS  (ksi):  164  (L)  RA  (%) :  40  (L)  K  (ksi/in.):  62  (LR) 
163  (T)  10  (T)  44  (SL) 
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Figure  187.  Alloy  227,  sample  7SLE2.  Fracture  surface 
X8,  surface  replica  X5200. 
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Figure  188  •  Alloy  227,  sample  7SLE2.  Crack  path  X500. 
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Figure  189  .  Alloy  227,  sample  7LRE2 .  Fracture  surface 
X8,  crack  path  X500. 
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Figure  191.  Alloy  227,  sample  7LRE2.  Surface 
replica.  X5200 


Figure  192,  Alloy  253  (10Mo-8V-2 . 5A1) .  Six  inch  billet 
full  piece  center  samples  3SLC2  and  3LRC1  (Table  LXVIII) » 
Solution  annealed  1350F  -  4  hr.  WQ  +  1225F  -  2  hr  WQ, 
aged  900F  -  96  hr.  isometric  X500,  radial  face  X250. 

YS  (ksi):  143  (L)  RA  (7o)  :  52  (L)  KQ(ksi/):  123  (LR) 
147  (T)  19  (T)  '  76  (SL) 
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Figure  193.  Alloy  253,  sample  3SLC2.  Fracture  surface 
X8,  crack  path  (top)  X500  close  to  transition,  (bottom) 
X500  distant  from  transition. 
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Figure  194  .  Alloy  253,  sample  3SLC2.  SEU  of  fracture  surface  (a)  X25,  (b)  X250  -  precrack/fast 
fracture  transition,  (c)  XIOOO  -  fast  fracture  close  to  transition,  (d)  X300  -  fast  fracture. 
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Figure  196  .  Alloy  253,  sample  3LRC1.  Fracture  surface 
X8,  crack  path  X500.  Note  path  deviation. 
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Figure  197.  Alloy  253,  sample  3LRC1.  Crack  path  X5f0. 
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Figure  199  “  Alloy  253,  sample  3LRC1.  Surface 
replica.  X5200 
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Figure  200.  Alloy  253 (10Mo-6Cr-2 . 5A1) .  Six  inch  billet 
full  piece,  edge  samples  3SLE2  and  3LRE2  (, Table  LXVIII) . 
Solution  annealed  1350F  -  4  hr  WQ  plus  1225F-2  hr  WQ, 
aged  900F-96  hr.  Radial  face  X500  (top),  XlOO  (bottom). 
YS(ksi):  150  (L)  RA(7o) :  51  (L)  Kqdcsi/in):  137  (LR) 

147  (T)  18  (T)  81  (SL) 
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Figure  201.  Alloy  253,  sample  3SLE2.  Fracture  surface 
X8,  crack  path  X500. 
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Figure  203.  Alloy  253,  sample  3LRE2.  Fracture  surface 
I  [  X8,  crack  path  X500. 
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Figure  205.  Alloy  334(10Mo-6Cr-2 . 5A1)  .  Half  inch  plate, 
sample  4WRH1  (Table LXXVII)  ..Solution  annealed  1350F-8  hr  WQ 
aged  1025F-96  hr.  Isometric  X500,  surface  face  XIOO. 
YS(ksi):  159  (L)  RA(7o) :  36  (L)  KqCksi/in):  65  (RW) 

171  (T)  9  (T)  60  (WR) 
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Figure  206.  Alloy  334,  sample  4WRH1 
X8,  crack  path  X500. 


Figure  207.  Alloy  334,  sample  4WRH1.  Surface  replica  X5200. 
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Figure  208  .  Alloy  227(7Mo-4Cr-2 . 5AL) ,  Half  inch  plate, 
sample  7WRL2  (Table  LXMl)o  Solution  annealed  1450F-8  hr  WQ 
aged  1025F-8  hr.  Isometric  X500,  surface  face  X250. 
YS(ksi):  164  (L)  RA(%) :  47  (L)  KQ(ksi/in):  48  (RW) 

178  (T)  32  (T)  43  (WR) 
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Figure  209.  Alloy  227,  sample  7WRL2 .  Fracture  surface 
X8,  crack  path  X500. 
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Figure  211.  Alloy  253 (10Mo-8V-2 . 5A1) .  Half  inch  plate, 
sample  3WRL2  (Table  LXXIX)  „  Solution  annealed  1350F-8  hr  WQ 
aged  950F-96  hr.  Isometric  X500,  surface  face  XIOO. 
YS(ksi):  170  (L)  RA(7o) :  6  (L)  Kqdcsi/in)  :  49  (RW) 

182  (T)  15  (T)  47  (WR) 
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Figure  212.  Alloy  253,  sample  3WRL2.  Fracture  surface 
X8,  crack  path  X500. 
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Figure  213.  Al?oy  253,  sample  3WRL2 .  Surface  replica 


Figure  214.  Alloy  334(10Mo“6Cr-2 . 5A1) .  Six  inch  billet 
full  piece  center  sample  4TC2  (companion  sample  to  4SLC2, 
Figure  103,  see  Table  LXVI) „  Solution  annealed  1350F-4  hr 
WQ  plus  1225F-2  hr  WQ,  aged  900F-96  hr.  Fractured  sample 
(top)  X15,  SEM  (left)  X375,  (right)  X5200. 

YS(ksi):  147  (L)  RA(7o)  :  50  (L) 

151  (T)  33  (T) 


LR  Face 


Figure  216.  Alloy  227(7Mo-4Cr-2 . 5A1) .  Six  inch  billet 
slice,  sample  7ET3  (companion  sample  to  7ESR3,  Figure  110 
Table  XLVIII) „ Solution  annealed  1475F-2  hr  WQ,  aged  1025F- 
8  hr.  Fractured  sanple  (top)  X15,  SEM  X500  (left),  X5200 
(right) . 

YS(ksi):  174  (L)  RA(%):  24  (L) 

171  (T)  12  (T) 
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Figure  218.  Alloy  227(7Mo-4Cr-2.5A 
slice,  sample  7MT7. (Companion  sample 
Table  LIV).  Recrystallize  annealed 
solution  annealed  1475F-2  hr,  aged  li 
sample  (top)  X15,  SEM  dimpled  area  ( 
(right)  both  X5200. 

YS(ksi):  180  (L)  RA(7o):  5  (L) 

188  (T)  6  (T) 
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Figure  219*  Alloy  227,  sample  4MT7.  SEM  of  fracture 
surface  X375.  Note  indicated  dimpled  (d)  and  smooth  (S) 
regions  shown  at  higher  magnification  in  the  preceding 
figure. 
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Figure  220  .  Alloy  227,  sample  4MT7.  Sectioned  tensile 
sample  X250.  Note  intergranular  fracture  mode. 


Figure  221.  Alloy  227,  sample  4MT7.  Sectioned  tensile 
sample  X250.  Side  crack  exhibiting  mixed  intergranular/ 
transgranular  fracture  mode. 
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Figure  222.  Alloy  334 (10Mo-6Cr-2 .5A1)  .  Six  inch  billet 
full  piece,  tensile  sample  4T4  (Table  LXXXI)  „  Duplex  solution 
annealed  1350F-4  hr  WQ  plus  1225F-2  hr  WQ.  (Top)  XlOO, 
(bottom)  X1200. 

YS(ksl);  129  (L)  RA(%) ;  52  (L) 

131  (T)  44  (T) 
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Figure  224.  Alloy  334,  sample  4T4.  Crack  path  X500 
Higher  magnification  of  void  X1200. 
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Figure  225.  Alloy  22  7(7Mo-4Cr-2.5Al) .  Six  inch  billet 
full  piece,  tensile  sample  7T2  (Table  LXXXI)  „  Duplex 
solution  annealed  1450F-2  hr  WQ  plus  1350F-8  hr  WQ. 
Tangential  face  XlOO,  crack  path  X500. 

YS(ksi):  122  (L)  RA(%) :  58  (L) 

124  (T)  49  (T) 
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Figure  226.  Alloy  227,  sample  7T2.  Tangential  surface 
just  away  from  fractured  surface,  note  voids  indicated. 
General  view  X500,  higher  magnification  of  voids  X1200. 
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Figure  227.  Alloy  227,  sample  7T2,  Crack  path  X500, 
void  group  adjacent  to  larger  alpha  particles  X1200. 
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Figure  228, 


Effect  of  aging  temperture  on  mechanical  properties 
transverse  center  six  inch  section,  for  alloy  #334 
(10MO-8V-2.5A1),  #227  (7Mo-4Cr-2.5Al)  and '#253 
(10MO-8V-2.5A1). 
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Figure  229.  Comparison  of  elevated  temperature  transverse  yield 
strength,  center  six  inch  section  contract  alloys 
with  reported  data  from  other  deep  hardenable  alloys'' 
(longitudinal  direction  for  6-22-22S|not  specified 
for  other  alloys).  Note  that  present  alloys,  heat- 
treated  to  a  lower  strength  condition,  follow  similar 
trend  lines. 
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Figure  230.  Fatigue  behavior  of  alloy  334  (10Mo“6Cr-2.5Al).  Transverse  samples 
center  location  6  inch  section. 
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Figure  231.  Fatigue  behavior  of  alloy  227  (7Mo-4Cr-2. 5A1).  Transverse  samples,  center 
location  6  inch  section 
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Figure  233.  Larson-Miller  creep  curves  at  0.27c.  plastic  deformation 
for  contract  alloys  and  other  titanium  alloys  (28,  42) 
at  the  150-170  ksi  yield  strength  level. 


o 


(•UlyAjSM) 


CO 

CO 

(U 


60 

o 

H 


0) 

4-> 

cd 


JS 

u 

c 

•rl 

I 

M-l 

iH 

Cd 

XI 


(U 

CO 


to 

rH  (U 

m  1-1 

• 

CN) 

I  Td 

M  a 

U  d) 
vO  >-l 
I  4J 
O 

S 

O  4J 

i-H  60 
w  C 
U 

'd-  U 
cn  4J 
cn  to 

Td 

o  f-l 

r-l  (U 
rH  •H 
<  >' 


<1- 

CO 

CM 

(U 

y 

60 


327 


Alloy  16 
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Figure  235.  Alloy  16  (flMo-4.5Cr-2.5Al).  Half  Inch  plate.  *l)ata  developed  under  the 
NAVAlR  program. (22)  Toughness  (Kq)  ”  Yield  strength  trend  lines. 
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Figure  236.  Alloy  227  (7Mo-4Cr-2 . 5A1) ,  Phase  III  half-inch  plate.  Toughness  (Kq) 
Yield  strength  trend  lines.  ^ 
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Figure  238.  Alloy  334  (10Mo-6Cr-2 .5A1) ,  Phase  III  half- inch  plate.  Reduction  of 
Area  -  Yield  strength  trend  lines. 
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Figure  241.  Alloy  253  (10Mo-8V-2.5Al) .  Phase  III  half-inch  plate.  Reduction  of  Area 
Yield  strength  trend  lines. 
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Figure  244.  Alloy  253  (10Mo-8V-2.5Al) .  Overall  alloy  characteristic  toughness  (Kq) 
Yield  strength  trend  lines.  ^ 
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Figure  245.  Alloy  334  (10Mo-6Cr-2.5Al).  Overall  alloy  characteristic 
ductility  (RA)  -  Yield  strength  trend  lines. 
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Figure  246.  Alloy  227  (7Mo-4Cr-2.5Al) .  Overall  alloy  characteristic  ductility  (RA) 
Yield  strength  trend  lines. 
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Figure  247-  Alloy  253  Q0Mo-8V-2.5Al) .  Overall  alloy  characteristic 
ductility  (RA)  -  Yield  strength  trend  lines . 
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Figure  249.  Alloy  227  (7Mo-4Cr-2 . 5A1) .  Transverse  alloy  characteristic  toughness  (Kq) 
Yield  strength  trend  line  for  "optimum"  heat- treatment . 
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Figure  251.  Alloy  334  (10Mo-6Cr-2 . 5A1) .  Transverse  alloy  characteristic  reduction 
of  area  (RA)  -  Yield  strength  trend  line  for  "optimum"  heat-treatment . 


Transverse 


Figure  253.  Alloy  253  (10Mo-8V^-2.5Al) .  Transverse  alloy  characteristic  reduction 
of  area  (RA)  -  Yield  strength  trend  line  for  "optimum"  heat-treatment . 
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Figure  254.  Alloy  334  (10Mo-6Cr-2 , 5A1) .  Transversi 
Yield  strength  trend  line  for  "optimum' 
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Figure  255.  Alloy  227  (7Mo-4Cr-2 . 5A1 ) .  Transverse  alloy  characterlscic  elongation 
Yield  strength  trend  line  for  ''optimum"  heat-treatnvent. 
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Figure  257.  Relationship  of  Kjp  to  Kq  under  present  . 
contract  and  parallel  investigations. 

Kic  determined  from  valid  test  (see  Appendix  H) , 
Kq  from  slow  bend  pre-cracked  Charpy  samples. 
Each  point  is  the  average  of  at  least  two 
values  for  each  parameter. 
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Figure  258.  Schematic  representation  of  void  formation  and 

associated  plastically  deformed  zone  as  a  result 
of  applied  tensile  stress.  The  total  plastic 
deformation  with  (a)  many  closely  spaced  voids 
is  less  than  that  with  (b)  few  widely  spaced 
voids,  resulting  in  greater  macroscopic  ductility 
in  the  latter  case. 
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Figure  259.  Schematic  representation  of  relationship  of 

ductility  directionality  to  lenticular  voids  formed 
in  a  billet  during  tensile  stress.  CP  is  crack 
path  extension  direction.  Longitudinal  ductility 
is  predicted  to  be  significantly  higher  than 
transverse  ductility. 
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Figure  260.  Schematic  representation  of  relationship  of  ductility 
directionality  to  disc-like  voids  formed  in  plate 
during  tensile  stress.  CP  is  crack  path  extension 
direction.  Longitudinal  ductility  is  predicted  to  be 
somewhat  higher  than  transverse  ductility. 
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Figure  261.  Schematic  representation  of  effect  of  coarse  alpha 

shape  on  ductility  and  toughness.  For  a  given  volume 
fraction  of  coarse  alpha  the  total  plastic  zone  is 
greater  for  globular  alpha.  However,  for  a  propagating 
crack,  the  tortuosity  factor  for  lenticular  alpha 
overcomes  this  effect.  Voids  are  shown  as  black  regions. 
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Figure  262  -  Toughness-yield  strength  characteristic  alloy  trend  lines  fo: 
present  contract  alloys  and  experimental  and  semi-commercial  deep  hardenal 
alloys .  Goal  properties  for  each  alloy  are  density  normalized  (number  co( 
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Northrop  Corporation 
Aircraft  Division 
Attn:  Tech  Info  Unit 
3901  W.  Broadway 
Hawthorne,  CA  90250 

Numec  Corporation 

Attn:  Supv,  Reactive  Metals 

Apollo,  PA  15613 

Oak  Ridge  National  Lab 
Metals  6e  Ceramics  Division 
Attn:  W.  R.  Martin 
P.0,  Box  X 
Oak  Ridge,  TE  37830 

Oregon  Metallurgical  Corp 
Attn:  Metallurgical  Dev 
P.0,  Box  580 
Albany,  OR  97321 

Philco-Ford  Corp. 

Aeronautic  Division 
Attn:  Tech  Info  Service 
Ford  Road 

Newport  Beach,  CA  92663 

Polymet  Corporation 
10597  Chester  Road 
Cincinnati,  OH  45215 

REM  Metals  Corp. 

Attn:  J.  R.  Hunphrey 
P.O.  Box  829 
Albany,  OR  97321 


Republic  Steel  Corp. 

Republic  Rsch  Ctr  Library 
6801  Brecksville  Rd 
Cleveland,  OH  44131 

RMI ,  Inc . 

Attn:  Technical  Director 
Niles,  OH  44446 

Rocket dyne  Division 
Rockwell  International 
Attn:  Dr.  W.T.  Chandler 
6633  Canoga  Park  Ave 
Canoga  Park,  CA  91303 

Rockwell  International 
Attn:  Dr.  N.  Paton 
Science  Center 
Thousand  Oaks,  CA  91360 

Rockwell  International 
Attn:  LAD  Library,  Dept.  262 
International  Airport 
Los  Angeles,  CA  90009 

Rohr  Industries,  Inc 
Attn:  F.E. Zimmerman,  Mgr. 
P.O.  Box  878 
Chula  Vista,  CA  92012 

Ryan  Aeronautical  Co. 
Materials  &  Processes  Lab 
Attn:  Chief  Metallurgist 
Lindberg  Field 
San  Diego,  CA  92110 

SAMOS /SMT 
P.O.  Box  92960 
Worldway  Postal  Ctr 
Los  Angeles,  CA  90009 
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SAMSO/SMKIP 
P.O.  Box  92960 
Worldway  Postal  Ctr 
Los  Angeles,  CA  90009 

SAMSO/SMT  AFML 
P.O.  Box  92960 
Worldway  Postal  Ctr 
Los  Angeles,  CA  90009 

SAMSO/SY-AFML 
P.O.  Box  92960 
Worldway  Postal  Ctr 
Los  Angeles,  CA  90009 

Sandia  Corporation 
Attn:  Tech  Library/ 3421 
P.O.  Box  5800 
Albuquerque,  NM  87115 

Sandia  Laboratories 
Attn:  Dir  of  Mtls  &  Proc/5500 
P.O.  Box  5800 
Albuquerque,  NM  87115 

Southern  Rsch  Institute 
Metallurgy  Division 
2000  Ninth  Avenue 
Birmingham,  AL  35203 

Stanford  Rsch  Inst. 

Attn:  G-037  External  Rpts. 
Menlo  Park,  CA  94025 

Sylvania  Inc. 

Chemical  &  Metallurgical  Div. 
Towanda,  PA  18848 

Technical  Center 
Attn:  VP  &  Tech.  Director 
Gas  Turbine  Components  Group 
699  Benston  Rd. 

Whitehall,  MI  49461 


Teledyne  Titanium 
P.O.  Box  1189 
Monroe,  NC  28110 

TRW  Inc 

Attn:  Dr.  E.A. Steigerwald 
23555  Euclid  Avenue 
Cleveland,  OH  44117 

TRW  Inc. 

Equipment  Labs 
Attn:  J.N. McCarthy 
23555  Euclid  Avenue 
Cleveland,  OH  44117 

Union  Carbide  Metals  Co. 

Attn:  Tech  Dept.  Library 
4625  Royal  Avenue 
P.O.  Box  580 
Niagara  Falls,  NY  14300 

United  Aircraft  Corp. 

Pratt  6e  Whitney  Aircraft  Div. 
Attn:  D.  Ruckle 
E.  Hartford,  CT  06108 

United  Aircraft  Corp. 

Pratt  6e  Whitney  Aircraft  Div. 
Attn:  E.  F.  Bradley 
E.  Hartford,  CT  06108 

United  Aircraft  Corp . 

Pratt  6e  Whitney  Aircraft  Div. 

Attn:  M.  Allen 

P.O.  Box  2691 

West  Palm  Beach  FL  33402 

University  of  Kentucky 
Dept,  of  Metallurgical  Engr. 
Attn:  Dr.  H.  Conrad 
Limestone  Cantus 
Lexington,  KY  40506 


DISTRIBUTION 


cont . 


Watertown  Arsenal 
Attn:  Dr.  R.  Weigle 
Watervliet,  NY  12139 

Watertown  Arsenal 
Attn:  S.  V.  Arnold 
Army  Matls  Rsch  Ctr 
Watertown,  MA  02170 

Westinghouse  Electric 
Rsch  6e  Dev.  Center 
Attn:  C.S.Cook 
Churchill  Borough 
Pittsburgh,  PA  15245 

Wyman-Gordon  Conpany 
Attn:  J.  Coyne 
Rsch  6e  Development 
Worcester,  MA  01601 

Wyman-Gordon  Company 
Attn:  J.  A.  Rossow 
Res  each  6e  Development 
Harvey,  IL  60426 


AF  SC/INA 

Andrews  Air  Force  Base 
Washington,  DC  20331 

Air  University  Library 
Maxwell  AFB,  Alabama  36112 

Defense  Documentation  Center 
Attn:  DDC-TC 
Corp  Cameron  Station 

Alexandria,  VA  22314 

HOS  USAF 

Attn:  AFRDPS-1  Lt. Co l.T.C. Ferguson 
Pentagon 

Washington,  DC  20330 

Naval  Postgraduate  School, Code  59 
Attn:  Matls  Science  Group 
Mechanical  Engineering 
Monterey,  CA  93940 


